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ABSTRACT OF THE DISSERTATION 

 

Measurement and Treatment 

of Nuisance Odors 

at Wastewater Treatment Plants 

 

by 

 

Samantha Margaret Abraham 

Doctor of Philosophy in Environmental Health Sciences 

University of California, Los Angeles, 2014 

Professor Irwin H. Suffet, Chair 

 

As population expansion has caused odorous industries to encroach on residential 

neighborhoods, measurement and control of odors has become essential. Wastewater treatment 

plants (WWTPs) are an odorous industry found in most communities and a proper understanding 

of the odorous compounds responsible is necessary to prevent odor nuisance.  The primary 

objectives of this dissertation were to thoroughly evaluate and characterize nuisance odors at 

wastewater treatment plants and to evaluate the ability of a seashell biofiltration system to treat 

those types of odors. Odors at several WWTPs were evaluated through the use of the Odor 

Profile Method, using Odor Wheels to establish odor character and the Flavor Profile Analysis 

scale to measure odor intensity, and broad-spectrum gas chromatography with mass spectrometry 

(GC-MS) and olfactometry (GC-Sniff) in order to select the appropriate types of chemical 
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compounds to be measured. Reduced sulfide compounds including hydrogen sulfide, methyl 

mercaptan, dimethyl sulfide, and dimethyl disulfide were typically found to be the major 

odorants detected. In addition to sulfide odors, musty odors and fecal odors were detected at 

many WWTP processes. A seashell biofiltration system was evaluated for its ability to treat 

some of the major odorants detected at WWTPs. Because seashells are composed of calcium 

carbonate, they are expected to provide buffering of sulfuric acid produced during the 

biodegradation of reduced sulfides. In the field, the system was able to successfully treat sulfide 

odors throughout the duration of the study. Hyphomicrobium and Thiobacillus species were 

found to be the main sulfide removing organisms in the field biofilter, and while the community 

composition changed with time, the biofilter still performed adequately. In the laboratory, the 

seashell biofiltration system was able to adequately remove hydrogen sulfide after seeding with a 

Pseudomonas organism. However, the biofilter began to support other microorganisms found in 

the laboratory that took over the biofilter following a pH decline of the system. In both the field 

and the laboratory, it was found that the pH of the recirculating water needed to be monitored 

and controlled which challenged the theoretical advantage of using a seashell media bed. 
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Chapter I 

 

Preface to Measurement and Treatment of Nuisance Odors at Wastewater Treatment 

Plants  

 

A. Introduction 

 

 The need for better control of industrial and community off gases including odors and 

hazardous volatile organic compounds is of critical importance for removing nuisances and 

assuring health to surrounding communities (Lebrero et al., 2011; Leson and Winer, 1991). 

Wastewater treatment plants (WWTPs) are a ubiquitous odor problem for residential 

communities. Before nuisance odor treatment technologies can be appropriately designed, the 

best approach is to characterize and determine the intensities of any odor character. Then, if 

possible, the compound(s) responsible for making the odors should be established.  

 

A.1. Odor Evaluation 

 

 In order to control odors, they must first be measured and characterized. Measurement 

and characterization can include defining the odor character, establishing its intensity, and 

finding the specific chemical compounds responsible for the odor. The Weber-Fechner law states 

that the log of the concentration of a chemical is proportional to the odor intensity and that the 

constant of proportionality varies by compound (Suffet et al., 1995). Odor threshold 

concentrations are a measure of the concentration at which 50% of the population can detect and 
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odorant. Many malodorous compounds found at WWTPs have very low odor threshold 

concentrations (OTCs). The OTC for a given compound varies greatly depending on the method 

of measurement, the training and composition of the panelists, and the conditions of a given day. 

The knowledge of the range of OTCs of a compound can be very useful for understanding and 

prioritizing the major odorants at WWTPs. The ratio of the odor concentration to the OTC 

(OC/OTC) can be a particularly useful way to define which odorous compounds are causing the 

biggest nuisance.  

 Sensory analyses by odor panels are important in defining odorous nuisances. Detection 

to Threshold (DT) is a method of determining the total odor of a sample by having panelists 

evaluate progressively more diluted samples until the sample is below odor threshold (ASTM, 

2011). The DT can be used to establish the relative strength of different odorous sites. A 

different and more specific style of sensory analysis was developed by Burlingame (1999) to 

prioritize nuisance odor control based on the character and intensity of the odor as measured by 

an odor panel. This method was based on applying of the Flavor Profile Analysis Method, 

Standard Method 2170, to odorous air sample (APHA, 2012). This method is known as the Odor 

Profile Method (OPM). The character of the odor provides a clue as to what is causing the odor 

as operations at a facility may have distinct odors. Odor wheels can be used to help define the 

odor character. Burlingame et al. (2004) developed a Wastewater Odor Wheel (Figure 1-1) to 

help evaluate wastewater problems primarily by a literature search. Odor wheels consist of three 

segments: the inner circle listing categories such as Sulfide; the outer circle giving specific odors 

falling into that odor category (e.g. Rotten Eggs, Rotten Cabbage, and Rotten Garlic); and 

outside the wheel are specific chemicals matching to the odors (e.g. Hydrogen Sulfide, Dimethyl 

Disulfide and Dimethyl Trisulfide) (Suffet and Rosenfeld, 2007).  
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 The intensity of each odor character is a measure of the strength of the odor. The 7 point 

Flavor Profile Analysis Scale (0, 1, 2, 4, 6, 8, 12) was used to define odor intensity in the OPM 

as it was shown to be an equivalent intensity approach to the use of butanol by Curren et al. 

(2014). Knowledge of the intensity can help define the relative importance of each odor 

character and document the effectiveness of the odor control strategies.  

 

 

Figure 1-1: The Wastewater Odor Wheel 
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 The results of the OPM can be used to select the type of necessary chemical analyses. 

Chemical analyses can be used to diagnose and understand odor problems and to identify the 

odorants causing odor nuisance at a WWTP so that an appropriate treatment technology can be 

defined.  Chemical analyses are repeatable and accurate; however, investigators, such as 

Gostelow et al. (2001), have noted that chemical analyses often do not directly relate to human 

sensory experience because as the human nose may be more sensitive than analytical equipment 

to odor causing substances.  Despite these considerations chemical analysis has frequently been 

an effective tool in characterizing odor problems especially when combined with methods such 

as OPM.  

 Gas chromatography with mass spectrometry (GC-MS) in tandem with GC sensory 

analysis (GC-Sniff or GC-Olfactometry) (Khiari et al., 1992) can also be used to gather more 

information about the odorous compounds leading to a total odor problem. Using GC-Sniff 

methodology, the odor character of each odorous compound eluting from the GC is recorded. 

 Once odors have been characterized properly, odor control technologies can be selected 

that are designed to address the most detectable odorants at a given location. It is important to 

tailor odors to the specific odorous compounds present at an odorous site and not just to 

hydrogen sulfide. While hydrogen sulfide may be an important odorous compound at WWTPs, 

there are other compounds with lower OTCs that may also be very important to control in order 

to prevent odor nuisance complaints (Lebrero et al., 2011).  
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A.2. Treatment of Odors 

 

 Biofiltration is a sustainable and clean technology for air pollution control that has seen 

greater use and success in the later two decades particularly for odors and other volatiles found at 

Wastewater Treatment Plants (Higgins et al., 2008; Jones et al., 2005). Four fundamental areas 

where improved understanding is needed to control the performance of a biofilter are: (1) media 

type; (2) operation parameters; (3) microorganism community; and (4) biochemical cycling. 

Further scientific understanding of these topics should lead to improved performance compared 

to the trial and error based approach commonly used to design, optimize and control biofilters 

today.  

 From available literature, it can be seen that accumulation of sulfuric acid in aerobic 

biofilters is a problem that often leads to a reduction in performance of biofilters as well as acid 

waste product of concern (Jones et al., 2005; Smet et al., 1993). This decline in performance is 

associated with biofilter organisms being acid intolerant (Smet et al., 1996). Improvements in the 

understanding of the science involved in the function of biofilters are needed for optimized 

performance.  

 Seashell media is thought to provide a neutral pH biofilter as seashells are made of 

calcium carbonate that can buffer the sulfuric acid produced in biodegrading of reduced sulfide 

compounds (Kouyoumjian and Saliba, 2006; Smet et al., 1996). It is thought that a neutral pH 

biofilter could hopefully avoid the decline of performance often seen due to the accumulation of 

sulfuric acid. In addition to pH control, seashells have a high porosity which is associated with 

good biofilm growth and prevention of compaction and channeling compared to an organic 

media like compost (Delhomenie and Heitz, 2005). The Mόnashell seashell biofilter has been 
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demonstrated to be capable of treating high levels of hydrogen sulfide successfully and reduced 

organic sulfides with mixed results. However, a further understanding of this type biofilter is 

necessary as claims of pH neutrality have not been verified, and water samplings and 

microbiological investigations have not been performed (Naples, 2010; Van Durme et al., 2010).  

 

B. Abstract 

 

 This objective of this dissertation is to evaluate the nuisance odors wastewater treatment 

plants from a variety of plant operations and the applicability of seashells biofilters as a 

treatment option from an engineering and microbiological perspective for the type of odorants 

detected. While total odors have been evaluated by DT and sulfide compounds have been 

measured at WWTPs, a comprehensive study by the OPM, DT, and measurements of sulfides, 

amines, and carboxylic acids of individual waste treatment operations over time was necessary to 

establish properly the odors their respective chemical compounds. The use of DT and OPM 

together with chemical sampling provided a very detailed understanding of WWTP odors. These 

results can be used to establish where odor control technologies should be placed and what types 

of technologies should be used based upon the character of the odors, their intensities, and 

specific odorous compounds present. A seashell biofilter was evaluated in the field and in the 

laboratory from a microbiological perspective in addition to the traditional engineering approach 

in order to get a full understanding of its functionality and performance over time. 

 The objective of the first study (Chapter 3) completed was an investigation of an 

operational seashell biofilter in the field in order to determine the incoming and outgoing 

nuisance odors and to understand its operation. Before seashell biofiltration could be evaluated 
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as an appropriate nuisance odor treatment technology, the nuisance odors were first characterized 

and their intensities were determined in order to select the appropriate chemical analyses. 

Secondarily, the compounds responsible for making the odors were established through chemical 

analyses. Then an evaluation was performed on the seashell biofilter including: chemical 

removal efficiencies and on the water quality operational parameters, such as pH, conductivity, 

alkalinity, hardness and oxygen levels of recirculation water in order to evaluate its effectiveness 

in treating the odors at its waste treatment operation.  

 A dual stage seashell media based biofilter located at Lake Wildwood WWTP in Penn 

Valley, CA was sampled to examine its ability to treat odors found in the air above the anaerobic 

equalization basin at the front end of the plant. The first stage of the biofilter contained oyster 

shells and the second stage contained mussel shells. OPM found mainly sulfide odors and some 

fecal odors in the inlet of the biofilter and accordingly sulfides were found to the main odorous 

compounds at the plant, particularly hydrogen sulfide, methyl mercaptan, and dimethyl sulfide. 

These compounds were found to be effectively removed by the biofilter to a level of greater than 

99% reducing the chemical concentrations to below their odor thresholds at all three sampling 

times. OPM found mainly odors characteristic of the sampling bags in the outlet samples. 

Aldehydes and carboxylic acids were not found above odor threshold values. GC-MS and GC-

Sniff analysis indicated the presence of dimethyl disulfide and dimethyl trisulfide. The pH of the 

recirculating water in the biofilter was found to vary according to the control of the recirculating 

water. When correct levels of water were purged and makeup water added, the pH was neutral, 

but it was established that the recirculating water must be carefully controlled as the pH of the 

oyster stage of the biofilter dropped as low as 3.23. Other water measurements indicated that the 

majority of biological activity took place in the first stage of the biofilter. All measurements 



8 
	  

performed showed the seashell biofilter as being successful at removing odors found at Lake 

Wildwood.  

The objective of the second study (Chapter 4), was to gain knowledge of the 

microorganism communities present in the seashell biofilter at Lake Wildwood WWTP. 

Additional understanding of seashell biofilters was gained from knowledge of the microorganism 

communities present. Total bacterial (16S rRNA) community compositions were analyzed over 

time by Terminal Restriction Fragment Length Polymorphism (TRFLP) analysis to establish 

changes in the overall community and by DNA sequencing to determine the types of bacteria 

found in the community.  

It was found that triplicate samples from the same location of the biofilter were very 

similar based on TRFLP results. There were changes in the community over time indicating that 

while the biofilter is seeded with a particular organism, the community changes to adapt to the 

pollutants found in the air inflow. The types of organisms found in the biofilter were not unlike 

those found in most biofilters removing reduced sulfide compounds. The dominant sulfide 

removing organisms found were Thiobacillus and Hyphomicrobium species. There were changes 

in the percentages of these organisms in the community depending upon the time point of the 

sampling. The pH of the recirculating water seemed to somewhat influence the community 

composition with some species being better supported at a more neutral pH. The biofilter was 

always capable of supporting a population that adequately removed the inlet odors, but this may 

have been due to the dual stage nature of the biofilter. When the recirculating water was not 

being monitored properly, it dropped to 3.23 in the oyster stage, which affected the community 

composition but not the removal efficiency of the biofilter. At this time, the mussel stage may 

have been responsible for a greater portion of sulfide removal. 
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The objective of the third study (Chapter 5), was to understand and optimize a seashell 

biofilter in a controlled, laboratory setting for removal of hydrogen sulfide. The laboratory study 

investigated: the biofilter media type, the optimum operating parameters, and the microorganism 

community involved. Control parameters evaluated during the study include: removal 

efficiencies, pH, conductivity, alkalinity, and hardness. The microorganism community was 

sequenced at select points during the study to determine changes in the community. It was 

determined that the majority of the removal of hydrogen sulfide in seashell biofilters is due to 

biodegradation as the removal efficiency of an unseeded biofilter was less than 35%. After the 

biofilter was seeded with microorganisms, it was able to remove as much as 99% of the 

hydrogen sulfide after an acclimation of several days. The biofilter was theoretically seeded with 

“Paracoccus denitrificans” however microbiological investigations determined that the seeding 

organism supplied was actually a Pseudomonas organism. After three weeks of successful 

operation, the biofilter performance began to decline. Large amounts of Millipore water were 

introduced as makeup water to account for evaporation. It is theorized that the introduction of 

low pH water with minimal alkalinity shocked the culture which was replaced by less fastidious 

environmental organisms present in the laboratory. Ubiquitous and easy growing organisms such 

as Sphingobacterium were found in the community during the beginning of the decline at week 3 

and the Pseudmonas organisms were nearly absent by week 6. The biomass growth was not 

dominated by a particular part of the column, but more Pseudomonas organisms were found in 

the top and middle of the column. The system was engineered on a based on Paracoccus 

denitrificans not Pseduomonas as the seeding organism. It is possible that the nutritional 

requirements of the organisms differed such that the culture was not well supported by the initial 

addition of yeast extract and casein peptone. Since the biofilter received only pure hydrogen 
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sulfide and the initial nutrients, it may have used up its carbon source or other necessary 

nutrients. Additionally, once the pH in the system dropped, unlike in the field biofilter, there 

were not activated sludge organisms present in the laboratory to establish themselves in the 

column at the lower pH. As the orginal seeding culture began to die, there were not organisms 

present that could take over to remove hydrogen sulfide. It is clear that while the seashell 

biofilter can be a very effective tool for removal of sulfide compounds, the system has 

considerable limitations in that the conditions in the recirculating water must be carefully 

controlled. 

The fourth study (Chapter 6) evaluated the odor threshold concentrations (OTC) of some 

common WWTP and composting odors using olfactometry in combination with the Flavor 

Profile Analysis scale used by the OPM. The odor threshold concentrations were based upon 

fitting a line to the average intensity results in a Weber-Fechner curve and examining where the 

line crossed an odor intensity of 1, which is considered to be odor threshold. The objective was 

to examine the OTCs with this methodology and to look at variability in measurement between 

different days. The OTCs of trimethyl amine and dimethyl disulfide measured on different days 

were within an order of magnitude indicating good repeatability of the method. The OTCs from 

the study compared to the literature were orders of magnitude higher (ppb-ppm) than the lowest 

OTCs (ppt-ppb) reported in the literature due to the use of novice panelists, however the OTCs in 

the literature span many orders of magnitude with report OTCs ranging from low ppb to ppm 

concentrations in some cases for a single compound. The OTCs from this method of evaluation 

should be considered in the range of odor threshold concentrations for a given compound. 

The fifth study (Chapter 7) evaluated nuisance odors at 32 locations of the Orange 

County Sanitation District’s (OCSD) two WWTPs as part of a study undertaken to update 
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OCSD’s Odor Control Master Plan in 2014 (Orange County Sanitation District, 2014). The 

objective of this study was to find the most detectable odorants across the sites at the plants, 

evaluate the effectiveness of current treatments, and find the most odorous locations at the plants. 

OPM and DT were used in combination with chemical analyses selected base upon the types of 

odors found in OPM. The most detectable odorants at Plant 1 were methyl mercaptan, hydrogen 

sulfide, and carbon disulfide. The most detectable odorants at Plant 2 were methyl mercaptan, 

hydrogen sulfide, and dimethyl disulfide. OPM found mainly sulfide, fecal, and musty odors. 

There was significant finding that dimethyl trisulfide (rotten garlic odor) and 2-methylisoborneol 

(musty/earthy odor) were found above odor threshold levels at many sites around the plant. 

These two compounds have been given little and no attention in the wastewater literature as 

primary odorants, respectively. This is the first time 2-methylisoborneol has been identified as 

the cause of musty/earthy odors at a WWTP.  However, it is well know to be a cause of these 

odors in natural water and thus in the drinking water supplies around the globe (Suffet and 

Rosenfeld, 2007). There were not well established methodologies for measurement of 

compounds leading to fecal odors and this was identified as a limitation of the study that requires 

future investigation. Most sites at both plants were insufficiently removing odorous compounds 

which is not surprising given that many of them were target specifically toward hydrogen sulfide 

removal and did not address other reduced sulfide compounds or compounds leading to the 

musty and fecal odors. The Headworks biotowers at Plant 2 and the Headworks chemical 

scrubbing at Plant 1 were both found to insufficiently remove most odors. While these 

technologies removed some hydrogen sulfide, they were unable to remove most odors and were 

established to be above levels that could lead to offsite odor nuisances for nearby residences. The 

majority of existing treatment technologies at both OCSD plants proved insufficient to treat the 



12 
	  

most detectable odorants. At both plants, the Headworks and the Truck Loading were very 

odorous locations. It was established that area sources (open sources such as the activated sludge 

discharge channel) where sampling is done with a flux chamber must be evaluated differently 

from point sources. The total odor of an area source is a function of the size of the source and its 

consistency. The study established that the majority of existing treatment technologies are 

insufficient and that the odors at existing outlet locations will likely cause odor nuisance. It is 

recommended that odor control treatments be targeted to ALL major odorants including those 

comprising sulfide, fecal, and musty odors.  

In summary, based upon the results of study 1 (Chapter 3) and study 3 (Chapter 5), a 

seashell biofilter would be an appropriate treatment technology for sites at OCSD where organic 

sulfide odors were found to be the major odorants but odor treatment technology is presently not 

used for its specific removal. It is unknown how a seashell biofilter would handle high fecal or 

earthy/musty odors and this would require further investigation before this technology would be 

recommended for sites at the WWTPs with more complex odor profiles. It is an important 

finding that the microorganism community changes with time in biofilters as this brings into 

question the concept of seeding the biofilter with a particular type of organism. It appears that if 

it is desired to keep the seeding organism in the biofilter over time, conditions must be more 

tightly controlled to select for operational organism and biofilter control. Controlling the 

conditions of the recirculating water in the seashell biofilter appeared essential to reliable 

performance for the biofilter. 	    
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Chapter II 

 

Biofiltration for Removal of Nuisance Odors and Hazardous Volatile Organic Chemicals: 

A Critical Review of the Optimization of Biofilters 

 

A. Abstract 

 

The need for better control of industrial and community off gases including odors 

and hazardous volatiles is of critical importance for removing nuisances and health 

benefits. Biofiltration is a technology for air pollution control that has seen greater use 

and success in the last two decades. However, improvement in the understanding of the 

science involved in the function of biofilters is needed for optimized performance. Four 

fundamental areas of present knowledge that require greater examination to control the 

performance of a biofilter are reviewed: (1) media type; (2) operation parameters; (3) 

microorganisms; and (4) biochemical cycles. Further scientific understanding of these 

topics should lead to greater success than the trial and error based approach commonly 

used to design, optimize and control of biofilters today.  

 

KEY WORDS: biofilter, H2S, odor control, VOCs, biochemical cycles, biofilter media, 

biofilter microorganisms 
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B. Introduction 

 

B.1. Odorous and Hazardous Volatile Organic Compounds 

 

Odorous and hazardous volatile organic compounds (VOCs) are released into the 

environment from natural biodegradation and anthropogenic sources. Many commercial 

industries and community facilities including rendering facilities, meat packing plants, oil 

refineries, and waste treatment operations such as composting, sludge drying, and wastewater 

treatment produce odors and VOCs (Higgins et al., 2008; Jones et al., 2005). Due to population 

growth, industries are becoming less isolated from population centers. This has resulted in a 

large increase in the number of public complaints about odor nuisances and potential hazardous 

VOC emissions (Lebrero et al., 2011; Leson and Winer, 1991). For example, the South Coast Air 

Quality Management District (SCAQMD), which covers Southern California including Los 

Angeles, received about 6200 air quality complaints in 2009 and about 60% of these complaints 

were odor complaints (Curren, 2012). Clearly, odor is a significant problem faced by air 

management.  

In order to control odors, they must first be measured and characterized. Sensory 

measurements by trained panelists are particularly useful to measure nuisance odors because no 

instrument can properly simulate the human nose.  The method of odor profile analysis 

(Burlingame, 1999) can be used by the odor panels of trained panelists to characterize all odor 

types based upon an odor wheel (e.g. rancid and rotten cabbage) and all odor intensities of each 

odor character based upon an odor intensity scale (Curren, 2012). Odor wheels have been 

developed to characterize the types of odor present from different odorous sources including 
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wastewater treatment, composting, landfills and more recently, urban odors (Suffet et al., 2004). 

Odor wheels have an inner circle of odor categories (e.g. sulfide), an out circle of specific odor 

characters (e.g. rotten garlic), and specific chemical compounds that represent those odor 

characters along the outside of the wheel (e.g. dimethyl trisulfide). The odor wheels can help 

identify the type of chemical compounds to quantify by analytical analysis.  Analytical chemistry, 

particularly gas chromatography (GC) with mass spectrometry (GC-MS), can be used to further 

describe odors by measuring the chemicals present and their concentrations (Gostelow et al., 

2001). Sensory GC, where odors are smelled as they elute from a chromatographic column, in 

parallel with GC-MS has been developed to confirm individual odor characteristics in odor 

nuisance problems (Wright et al., 2005). The ratio of the concentration of a particular chemical 

to its odor threshold concentration can help define an odor nuisance and help tailor the 

development of odor control strategies by biofilters.   

The odor profile analysis approach to odor nuisance problem solving has been reviewed 

by Muñoz et al. (2010) (Muñoz et al., 2010). Muñoz et al. (2010) discusses how recent 

developments in analytical approaches, including odor wheels, the odor profile method, dynamic 

olfactometry, and combined Sensory GC analysis, have lead to improvements in the assessment 

of odor concentration and character. However, it is recognized that a single analytical technique 

cannot be universally applied for evaluation of odor abatement due to variations in chemical 

composition and hedonic tone of odorous releases. 

In addition to odorous compounds that merely present a nuisance at typical 

concentrations, sources may also release more hazardous VOCs. This has been shown to occur at 

waste treatment operations where the VOCs found include hydrocarbons, aromatic hydrocarbons 

(such as benzene), and chlorinated alkanes and alkenes (such as dichloromethane and 



	  
	  

19 
	  

	  

trichloroethylene, respectively) (Iranpour et al., 2005; Rosenfeld et al., 2007). VOCs are 

typically present at parts per billion (ppb) or lower concentration levels and are often relatively 

toxic or even carcinogenic, e.g. benzene (Leson and Winer, 1991). Governments have begun to 

increase regulations on VOCs. In the United States, the EPA’s National Emission Standards for 

Hazardous Air Pollutants, found in a portion of the Clean Air Act, addresses many VOCs 

including benzene, dichloromethane, and trichloroethylene (Iranpour et al., 2005). Chronic 

exposure to carcinogens presents an increased health risk. There is a need to control these 

hazardous compounds before their release into any residential neighborhood. 

  

B.1.a. The Urban Odor Wheel 

 

The most common types of odor complaints were developed into an Urban Odor Wheel 

to provide an odor character reference for groups of chemicals that produce odors found in the 

urban environment (See Figure 2-1) (Curren, 2012; Suffet and Rosenfeld, 2007). For example, a 

major odor problem is both natural anaerobic odors (e.g. those found in swamps) and 

anthropogenic anaerobic odors (e.g. those from waste treatment processes) that have sulfur 

compounds present (Lebrero et al., 2011; Lomans et al., 1999). Other unpleasant urban odor 

categories include fuel, fecal, rancid, and putrid. The types of compounds present in the Urban 

Odor Wheel need to be controlled to prevent public nuisance. The Urban Odor Wheel provides a 

standard way to refer to urban odor problems for scientists and odor inspectors. 
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Figure 2-1: The Urban Odor Wheel 

 

B.1.b. Wastewater Treatment Plant Odors   

 

Wastewater Treatment Plants (WWTPs) process residential and industrial wastewaters 

through a series of physical, chemical, and biological processes before the water is returned to 

the environment. Odors are produced during different stages of treatment, and WWTPs attempt 

to eliminate these odors with a variety of methods including chemical scrubbing, activated 
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carbon, and biofilters (Lebrero et al., 2011). Most odor elimination systems used in wastewater 

treatment plants are designed based on hydrogen sulfide (H2S) removal.  This is based on the 

concept that H2S is the major odorant emitted at WWTPs and that it is present at high 

concentrations (Deshusses et al., 2001; Iranpour et al., 2005; Lasaridi et al., 2010).  However, 

odorous emissions from wastewater treatment works tend to consist of many individual odorous 

compounds including: reduced sulfur compounds, trimethylamine, indole, skatole, and fatty 

acids (Adams et al., 2004; Burlingame, 1999; Hwang et al., 1994; Zarra et al., 2008).  Summaries 

of the groups of chemicals typically found at WWTPs can be seen on the Wastewater Wheel 

(See Figure 2-2) (Suffet et al., 2004).  In addition, most WWTP off-gases contain trace levels of 

air toxics which can be odorous and these may be seen in the solventy/hydrocarbon section of the 

Wastewater Wheel (Deshusses et al., 2001).  

Specific studies at small WWTPs found a wide variety of odorous organic sulfides and 

organic nitrogen-based compounds. Dimethyl disulfide was found to be a key odor compound 

due to its concentration being many orders of magnitude greater than its odor threshold 

concentration (see Table 2-1). This study also found non-odorous VOCs including alkanes and 

aromatic compounds (Deshusses et al., 2001). Similar results were found in other studies of 

WWTPs as exemplified by a recent study in Greece (Lasaridi et al., 2010). The sewage treatment 

processes that were found to produce the most odors include raw wastewater influent processing 

(preliminary treatment including screening) and sludge handling activities (anaerobic digestion, 

mechanical dewatering) (Lasaridi et al., 2010; Zarra et al., 2008). WWTPs are an important area 

to examine for odor control technology application, as they are present near many residential 

communities. 
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Figure 2-2: The Wastewater Odor Wheel 

 

B.1.c. Sulfur Odors at WWTPs 

 

As can be seen on the Wastewater Wheel (Figure 2-2) the types of sulfur compounds 

produced at WWTPs include H2S, methyl mercaptan (MM), dimethyl sulfide (DMS), dimethyl 
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disulfide (DMDS), dimethyl trisulfide (DMTS), and many other mercaptans which all have very 

low odor thresholds on the order of parts per trillion (ppt) to ppb in air (Higgins et al., 2008). A 

risk assessment has shown that for these sulfur compounds, the odor nuisance occurs before any 

hazardous effects are noted however the odor can still pose a significant nuisance to nearby 

residents (Witherspoon et al., 2004). The major source of odors in digested biosolids is typically 

found to be due to volatile sulfur compounds (Adams et al., 2004). The reported concentrations 

of some important sulfur compounds from several studies of WWTPs are given in Table 2-1 

along with the odor thresholds of these compounds. It can be seen that the reported 

concentrations of these sulfur compounds typically greatly exceed their odor thresholds.  It can 

also be seen hydrogen sulfide may not be the only major odorant present. Therefore, 

optimization of a treatment technology based on hydrogen sulfide as a surrogate odorant for all 

the odorants present may not be the best approach. This may be an example of an industry using 

an easily measured pollutant as a surrogate for that reason only rather than considering all 

necessary components needed for the objective of optimization of odor nuisance removal. 

  



	  
	  

24 
	  

	  

 
Table 2-1: Concentrations of Sulfur Odors Reported at WWTPs 

Compound Odor Threshold Concentrationa  Reported Concentrationsa  References 
(µg/m3)  (ppbv) (ug/m3) (ppbv) 

Hydrogen 
Sulfide 

0.50-1.4  0.36-1.0 1.4-320,000 1.0-230,000 (Adams et al., 
2004; Lasaridi et 
al., 2010; Nagata; 
Suffet et al., 2004) 

Methyl 
Mercaptan 

0.0040-0.98 0.0020-0.50 0-530,000 0-270,000 (Adams et al., 
2004; Lasaridi et 
al., 2010; Nagata) 

Dimethyl 
Sulfide 

2.5-100 0.98-39 20-8,800 7.9-3,465 (Lasaridi et al., 
2010; Nagata; 
Shimoda et al., 

1996) 
Dimethyl 
Disulfide 

0.1-8.5 0.026-2.2 210-780 54-200 (Lasaridi et al., 
2010; Nagata; 
Shimoda et al., 

1996; Zarra et al., 
2008) 

Dimethyl 
Trisulfide 

6.2-8.6 1.2-1.7 0-45 0-8.7 (Shimoda et al., 
1996; Zarra et al., 

2008) 
a References in the table are for odor threshold concentrations and reported concentrations. 
 
 

The production of sulfur odors typically happens anaerobically in WWTPs as it does in 

natural environments. There is some aerobic formation of sulfides, but this occurs to a much 

lesser degree than anaerobic production. Sulfur compounds are normally produced as a result of 

the biodegradation of sulfur containing amino acids in protein as well as sulfur containing 

vitamins under anaerobic conditions (Lomans et al., 2002). Amino acids are found at WWTPs 

following proteolysis where proteins are degraded by proteases to peptides and again by 

peptidases to free amino acids. Free amino acids that contain sulfur (methionine and cysteine) 

are degraded to the corresponding alpha-keto acid, which is then broken down into methyl 

mercaptan and hydrogen sulfide respectively under anaerobic conditions (Lasaridi et al., 2010; 
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Lomans et al., 2002). Amino acids can also be decarboxylated to amines and deaminated to 

aldehydes which are odorous (see Figure 2-3) (McSweeney, 2004). Some studies have found the 

amount of biosolids odor after digestion and dewater to correlate with the amount of bio-

available protein present (Adams et al., 2004).  

In addition to proteolysis, odorous compounds can also be produced by lipolysis. 

Lipolysis is where lipids are degraded to fatty acids by lipases that are found in bacteria, molds, 

and yeasts. Free short chain fatty acids including butyric acid and lactic acid have rancid odors. 

Fatty acids are also substrates for secondary reactions where they are degraded to odorous 

compounds including esters by reaction with an alcohol and thioesters by reactions with thiols, 

alkan-2-ones, and alkan-2-ols (see Figure 2-4) (McSweeney, 2004). Information in the literature 

about lipolysis and proteolysis is limited regarding the aerobic or anaerobic states in which these 

reactions take place. 

Once reduced sulfur compounds have been produced at WTTPs, they many be further 

transformed by microrganisms into other reduced sulfur compounds. Methyl mercaptan and 

hydrogen sulfide are methylated, by organisms using methoxylated aromatic compounds present 

in humic materials, to dimethyl sulfide and methyl mercaptan respectively (Higgins et al., 2006). 

Dimethyl sulfide can be further acted on biochemically to form dimethyl disulfide (Lomans et al., 

2002). MM can also be oxidized to form DMDS (Adams et al., 2004). The aerobic or anaerobic 

state of this reaction is unclear in the literature. Figure 2-5 details the formation and 

transformation of odorous sulfur compounds (Higgins et al., 2006). Once microorganisms 

produce these odorous compounds, they can be eliminated by degradation by other types 

microorganisms as one approach to odor control. 
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Figure 2-3: Amino Acid Biodegradation Pathway 
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Figure 2-4: Lipolysis Pathways 
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Figure 2-5: Production and Transformations of Volatile Sulfur Compounds in WWTPs  

 

B.2. Treatment Methods to Remove Odors and VOCs 

 

B.2.a. Traditional Treatment Methods 

 

Traditional ways of managing volatile compounds released from industry and community 

sources include:  

 

(1) Surface adsorption to activated carbon;  
(2) Incineration; and  
(3) Chemical scrubbers  
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 Technologies for odor and VOC control have been reviewed by Henry et al. (1980) and 

Ando et al. (1980) (Ando, 1980; Henry and Gehr, 1980). These technologies are typically costly 

and incineration and chemical scrubbers often can produce by-product pollution (Delhomenie 

and Heitz, 2005). In the last few decades, biofilters have become an increasingly popular 

treatment device for odorous compounds and hazardous VOCs.  Biofilters have many advantages 

over traditional technologies that include lower operating cost and energy consumption, and 

reduced by-product pollution production (Iranpour et al., 2005; Leson and Winer, 1991). 

 

B.2.b. Treatment Using Biofiltration 

 

A biofilter consists of a bed of media with microbes immobilized on the bed. Polluted air 

that contains odorous chemicals and hazardous VOCs is passed through the bed and partitions 

into the biofilm. In biotrickling filters, water is recirculated throughout the filter rather than a 

more traditional biofilter where the filter is occasionally irrigated with water. Biofilms are 

formed when microorganism communities accumulate on a surface and grow together in a 

matrix of extracellular polymeric substance (EPS). EPS is composed of extracellular DNA, 

proteins and polysaccharides.  Biofilms range from tens of µm in thickness to greater than 1 cm, 

but few studies have actually measured biofilm thickness in biofilters (Pineda et al., 2000). 

Water is an essential component of the biofilm, being present inside and outside of the cells, and 

due to its involvement in the transfer of pollutants and nutrients to the microbes. If a desired 

bacterial strain has difficulty in attaching to the media, it might be useful to consider seeding the 

biofilter with an additional strain, which is more adept at attachment. Biofilms are very important 

to the removal of hydrophobic VOCs as the pollutants solubilize by absorption in the biofilm 
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rather than dissolving in the water therein allowing them to concentrate for more efficient 

removal (Cercado et al., 2012).  

The microorganisms then metabolize the substances in the polluted air through 

intermediates and hopefully onto carbon dioxide, water, biomass, salts/acids. Biofilm formation 

is necessary for efficient biodegradation of pollutants and Purswani et al. (2011) found thicker 

biofilms to be associated with greater efficiency in removing gasoline oxygenates. However, it 

should be taken into consideration that nutrients can become diffusion limited in very thick 

biofilms (Purswani et al., 2011). By-products, often of an inhibitory nature, may also be 

produced during the biodegradation process depending upon the chemical being degraded 

(Kennes and Thalasso, 1998). The effectiveness of the biofilter is partially based on pollutant 

properties including its Henry’s Law constant, water solubility, and the microbes that use the 

pollutant as an energy source (electron donor) (Iranpour et al., 2005; Kennes and Thalasso, 1998). 

Traditionally, biofilters are designed as aerobic with the use of oxygen as a terminal electron 

acceptor.  

After an acclimation period, during which the microorganisms that can effectively 

degrade the pollutant establish themselves, the biofilter reaches a pseudo steady state and most 

pollutants can be efficiently degraded by the microbes inside the biofilter (Kennes and Thalasso, 

1998; van Groenestijn and Hesselink, 1993).  At low or inconsistent pollutant concentrations, a 

bacterial community may have trouble establishing itself thus causing the biofilter to have poor 

removal efficiency. A simple biofilter, designed for removal of a single compound, has been 

modeled with Michaelis-Menten kinetics (Equation 2-1): 

 

v = (Vmax[S])/(Km+[S])                                                            (2-1) 
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 At low concentrations, the removal rate of the biofilter (v in concentration per time) 

depends on the substrate (pollutant) concentration ([S] in concentration) by a first order rate law. 

At high concentrations, the removal rate is independent of the substrate concentration which is a 

zero order rate law. Thus, at low concentrations, the biofilter’s ability to remove the pollutant 

may be impaired compared to its maximal removal rate (Vmax in concentration per time) (Hirai et 

al., 1990; Leson and Winer, 1991). Maintenance of oxic conditions in the biofilter is important to 

assure that anaerobic pockets do not form which can lead to mass transfer problems in the 

biofilter and hence low substrate concentration (Kennes and Thalasso, 1998; van Groenestijn and 

Hesselink, 1993). 

 The objective of this critical review is to better scientific understanding in the four 

fundamental parameters that control the performance of a biofilter: 

  

(1) media type; 
(2) operation parameters;  
(3) microorganisms; and  
(4) biochemical cycles.  
 
 

 Each parameter will be evaluated as to present scientific understanding and what is 

needed to develop a better understanding of the process. This approach should lead towards 

process optimization rather than the trial and error based currently approach used in the design of 

biofilters. This review will concentrate on areas of science related to biofilters that are less 

established and will provide references for well understood concepts that are heavily reviewed in 

the literature.  
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C. Biofilter Media Types  

 

One of the earliest examinations of biofiltration as a technology occurred in a 1966 study 

by Carlson et al. (1966) using open soil beds.  The researchers knew that compounds, such as, 

hydrogen sulfide, ammonia, short chain fatty acids, indole, skatole, amines (cadaverine), and 

organic sulfides (dimethyl sulfide, methyl mercaptan) were released due to the degradation of 

organic matter in anaerobically digested wastewater. They attempted to remove air containing 

hydrogen sulfide by passage through a variety of types of open soil beds. While hydrogen sulfide 

is sometimes the odorous compound at the highest concentration in odorous air, other sulfides 

and mercaptans are more odorous even when present at significantly lower concentrations due to 

their low odor thresholds (See Table 2-1) (Rosenfeld et al., 2007). The study found that moist 

loam soils were found to be capable of a 90% reduction in hydrogen sulfide levels. It was 

discovered that most of the removal occurred from biodegradation by microorganisms rather 

than physical adsorption to the soil bed. 

Carson et al. (1966) found the microorganisms on the soil biofilters included Mycoides 

species and Thiobacillus species including Thiobacillus thioparus in their seminal work on 

biofilters. These bacteria were hypothesized to be at least partially responsible for the reduction 

in hydrogen sulfide levels. Moisture level in the biofilter was found to be a critical parameter for 

optimal biofilter function. Notably, a pH decrease in the media of the biofilter was correlated 
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with a drop in the removal efficiency. Overall, Carlson et al. (1966) found biofiltration to be a 

successful and efficient way to remove hydrogen sulfide (Carlson and Leiser, 1966). 

Following this early use of open soil beds, many media types have been tried with varied 

success. The use of organic media such as peat, compost, and wood chips is quite common. 

These types of media are sometimes used alone, or in combination with a bulking agent such as 

vermiculite. Organic media advantageously provides nutrients and often a starter community of 

microorganisms (Kennes and Thalasso, 1998). At times, organic media is mixed with inorganic 

media such as limestone for pH control (Smet et al., 1996; Smet et al., 1993). More recently, 

biofilters with purely inert inorganic media have been used. Inorganic media can be natural in 

origin like seashells or lava rock or a proprietary material manufactured specifically for biofilters 

(Delhomenie and Heitz, 2005). A problem with organic media such as compost is the variability 

according to its source. This makes standardization of the operating conditions of the biofilters 

very difficult. Table 2-2 presents an examination of many of the types of media used and a 

commentary on their advantages and disadvantages. Several reviews of the present state of the 

media in biofilters may provide additional useful information (Delhomenie and Heitz, 2005; 

Iranpour et al., 2005; Kennes and Thalasso, 1998). 
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Table 2-2: Types of Media Used in Biofilters 

Media Type Biofilter Usage Comments References 

33% Peat, 33% Perlite, 33% 
Fern Chips 

Odors Neutral pH media performed well compared to acid pH 
media for removal of methylamine. 

(Chou and Shiu, 
1997) 

36% Compost, 36% Activated 
Sludge, 27% GAC 

Odors Ammonia was removed effectively for 8 months. (Liang et al., 
2000) 

50% Compost, 50% Chaff Odors The removal efficiency decreased as concentrations of 
triethylamine increased. 

(Tang et al., 
1996) 

50% Compost, 50% Perlite VOCs Nutrients had to be added to the compost biofilter in 
order to achieve good removal efficiencies for hexane. 
Acclimation took less than one month. 

(Morgenroth et 
al., 1996) 

50% Compost, 50% Perlite, 
Oyster Shells 

Chlorinated 
VOCs 

Rapid acidification and declining removal efficiency 
took place in the biofilter. 

(Ergas et al., 
1994) 

50% Compost, 50% Perlite, 
Oyster Shells 

Chlorinated 
VOCs, Odors, 

and VOCs 

Removal of odorous compounds was excellent. 
Removal of aromatics was >80% throughout the study. 
Removal of chlorinated VOCs was inconsistent and 
<60%. 

(Ergas et al., 
1995) 

66% Peat, 33% Glass Beads VOCs High levels of removal can be obtained for phenol 
using Pseudomona putida. 

(Zilli et al., 1993) 

BIOSORBENS (Synthetic 
Inorganic) 

Odors Hydrogen sulfide was removed with >99% efficiency. 
Acclimation was complete within one day as microbes 
are incorporated into the media. pH dropped to 2 if 
irrigation was not pre-set to control for pH, however 
removal efficiency was not affected by pH. 

(Shareefdeen et 
al., 2003) 

Celite VOCs 6 mm celite pellets were used in a filter to remove 
Styrene at >90% over 160 days. Control of 
phosphorous did not help limit excess biomass.  

(Sorial et al., 
1998) 

Commercial Granular Medium Odors Added sulfate did not inhibit removal efficiency. Low 
pH caused a drop in removal efficiency. 

(Jones et al., 
2005) 
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Compost Odors The biofilter was inoculated with Hyphomicrobium 
MS3. No nutrients were added. The removal efficiency 
decreased with pH drop. 

(Smet et al., 
1996) 

Compost Odors Inoculation reduced the acclimation time. Compost had 
more nutrients than wood bark. Acidification occurred 
and reduced efficiency. Acidification was remedied by 
mixing with limestone, but not by rinsing the media 
with tap water or phosphate buffer.  

(Smet et al., 
1993) 

Compost, 10% Limestone Odors Isobutryaldehyde was a competitor for degradation of 
dimethyl sulfide by Hyphomicrobium. 

(Smet et al., 
1997) 

Compost, Perlite, Oyster Shell Chlorinated 
VOCs, Odors, 

and VOCs 

VOCs were more effectively removed than chlorinated 
VOCs. The removal of hydrogen sulfide was excellent. 

(Ergas et al., 
1995) 

Compost (Various Sources) Odors Performance depended greatly on the type of compost. (Yang and Allen, 
1994) 

Composted Leaves, 10% GAC Chlorinated 
VOCs 

Co-metabolism with methane/propane was required for 
removal of chlorinated VOCs. 

(Sukesan and 
Watwood, 1997) 

Conditioned Peat VOCs The metabolism of toluene was inhibited by the 
presence of xylene. The performance was found to be 
dependent on bed temperature and pressure drop. 

(Jorio et al., 
1998) 

Lava Rock Odors and VOCs Hydrogen sulfide was removed at >90% efficiency 
while VOCs were only removed at >70%. The pH in 
the system dropped to 4.  

(Chitwood and 
Devinny, 2001) 

Peat Odors High elimination capacities were achieved when 
seeding with Thiobacillus thioparus. Nutrients were 
supplemented. 

(Oyarzun et al., 
2003) 

Peat Odors Hyphomicrobium species I55 was used to degrade 
odorous mixtures effectively. Methyl mercaptan and 
hydrogen sulfide more effectively biodegraded than 
dimethyl sulfide. 

(Zhang et al., 
1991) 

Peat Odors Odors were effectively degraded by Thiobacillus 
thioparus with no decline in efficiency because the 

(Cho et al., 
1992a) 
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presence of ammonia neutralized acid. No acclimation 
period was necessary because of seeding. 

Peat VOCs It was found that water content must be >49% in order 
to have good elimination capacities for ethanol. 

(Auria et al., 
1998) 

Peat VOCs Addition of nutrients and pH buffering with lime were 
required. 

(Arnold et al., 
1997) 

Seashells Odors Hydrogen sulfide was effectively degraded by 
Thiobacillus thioparus without a decline in efficiency. 
Nutrients had to be added. 

(Massoudinejad 
et al., 2008) 

Soil Beds Odors Efficiency dropped when the pH decreased. Moisture 
was found to be critical. Loam soil worked better than 
clay or sand. 

(Carlson and 
Leiser, 1966) 

Vermiculite VOCs Vermiculite media of neutral pH was used for toluene 
removal at 25% efficiency. Acclimation of the filter 
took one month.  

(Pineda et al., 
2000)   

Wood Bark Odors Wood bark efficiency removal dropped with a pH 
decrease. The biofilter was Hyphomicrobium MS3 
inoculated. No nutrients were added. 

(Smet et al., 
1996) 

Wood Bark Odors Inoculation reduced the acclimation time. Acidification 
occurred and reduced  the removal efficiency. 

(Smet et al., 
1993) 

Wood Chips Odors Added sulfate did not inhibit removal efficiency. Low 
pH caused a drop in removal efficiency. 

(Jones et al., 
2005) 
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The majority of biofilters use an organic media, such as compost or peat, typically with a 

bulking agent such as vermiculite. The organic media provides nutrients to the microorganism 

community. Biofilters treating hydrogen sulfide and other reduced sulfide compounds 

accumulate sulfuric acid resulting in a pH drop in the filter media, as first seen in the seminal 

work of Carlson et al. (1966) (Carlson and Leiser, 1966; Jones et al., 2005). Organic medias 

typically provide limited buffering capacity resulting in an eventual pH drop. The pH drop is 

often accompanied by a decrease in the removal efficiency of the biofilter (Jones et al., 2005; 

Smet et al., 1996). There is an association between the fact that many of the microorganisms 

involved in degradation of organic sulfides, or even hydrogen sulfide, and VOCs are not tolerant 

of acid pH and the decline in removal efficiency seen in biofilters (Iranpour et al., 2005; Smet et 

al., 1996; Smet et al., 1993). Thus, when the environment becomes inhospitable to some 

organisms with the accumulation of sulfuric acid, this results in a rapid decline of the removal 

efficiency of the biofilter (Smet et al., 1993). Therefore, a biofilter designed for hydrogen sulfide 

removal may eventually become unable to remove the organic sulfides and VOCs also present in 

polluted air streams from wastewater treatment plants. Thus biofilters capable of removing 

organic sulfides and VOCs may require different or even multi-stage design (Smet et al., 1997).  

 

C.1. Seashell Biofilters 

 

Many studies have demonstrated the use of organic media mixed with some oyster shells 

in order to neutralize the acid produced in sulfide oxidation, but few studies have examined the 

use of media made entirely from seashells (Delhomenie and Heitz, 2005). In 1994, Mόnashell 
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was developed by Bord na Mόna. The Mόnashell biofiltration system sustainably reused seashell 

from the shell fishing industry as biofilter media that would theoretically provide a neutral pH 

while preventing compaction and challenging that can occur in compost biofilters that uses 

crushed seashells for pH control. The calcium carbonate should neutralize the sulfuric acid 

produced during the biodegradation of reduced sulfides (Equation 2-2) (Kouyoumjian and Saliba, 

2006; Smet et al., 1996). The lifetime of the media in an acidic environment will depend upon 

the concentration of reduced sulfides being treated and in turn the amount of sulfuric acid being 

produced. Media lifetime has been shown to be at least 3 years in Mόnashell systems and would 

last 8 years in a system of 10 ppm or less hydrogen sulfide (Naples, 2010).  

 

CaCO3 + H2SO4 -> CaSO4 + H2O + CO2     (2-2) 

 

The system is stated to be capable of treating high levels of hydrogen sulfide, organic 

sulfides, and other volatile compounds produced during the wastewater treatment processes (Van 

Durme et al., 2010). 

 Several Mόnashell systems have been evaluated for removal efficiencies. Orange County 

Utilities, located in Windermere, Florida, recently validated the performance of a shell-based 

biofilter for hydrogen sulfide and odor removal. The system was able to remove concentrations 

of up to 124.5 ppm of hydrogen sulfide at 99% and odor removal percentages were upwards of 

97% (Van Durme et al., 2010). In 2010, a shell-based biofilter system was evaluated in 

Greensboro, NC at a water reclamation facility for removal of hydrogen sulfide and other 

reduced sulfide compounds. The system was found to provide high removal efficiencies for 

reduced sulfides (Naples, 2010). A 2013 study in Italy used Monashell biofilters to remove 
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VOCs from plastic packaging factory and to remove odors from a solid recovered fuel drying 

process (Torretta et al., 2013). This study found that a three stage biofilter removed 

Methoxypropanol, Methyl Ethyl Ketone, Isopropanol, and Ethyl Alcohol at greater than 95% 

when used on the waste from the packing factory. Ethyl acetate, the most recalcitrant of 

compounds, was removed at 77%.  The same system removed odors at greater than 95% based 

on olfactometry of solid field recovery drying. 

Seashell media use demonstrated by Massoudinejad et al. (2008) in a laboratory system. 

Non-filamentous bacteria Thiobacillus thioparus were added to the system at startup to 

theoretically to prevent clogging.  A hydrogen sulfide treating biofilter using seashell media was 

able to maintain its efficiency over a period of 15 weeks on the order of 75-90%. The study of 

other odorous sulfides and mercaptans were not evaluated. There was no decline in removal 

efficiency of the biofilter over the time period. It is assumed the continued performance of the 

biofilter can be attributed to the maintenance of a neutral pH because the calcium carbonate 

provided buffering, but pH was not measured in the study. The seashell media showed equivalent 

performance levels compared to more traditional organic medias like compost without the 

commonly seen decline in performance associated with accumulation of sulfuric acid 

(Massoudinejad et al., 2008). Seashell media shows promise as a biofilter media that is less 

variable than compost, particularly if the shell type is consistent. The media needs to be further 

understood and optimized for use on complex pollutant streams and claims of pH neutrality need 

to be verified. 
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D. Biofiltration Operation Parameters  

 

Biofilters often experience performance problems related to key control parameters that 

have not been optimized. There have been numerous engineering studies which have identified 

critical parameters that must be properly controlled for optimal biofilter performance  including 

the most important parameters (Iranpour et al., 2005; Leson and Winer, 1991; Lith et al., 1997; 

van Groenestijn and Hesselink, 1993): 

 

(1) air inflow rate; 
(2) concentration and composition of pollutant gases; 
(3) moisture content; 
(4) aeration of the column; 
(5) temperature 
 

 

Choice of the air inflow rate is based on the desired empty bed residence time. When 

flow rates are too high, contact times between pollutants and microorganisms do not allow for 

biodegradation to take place, therefore lower flow rates tend to give better removal efficiencies 

(Delhomenie and Heitz, 2005). Additionally, longer contact times may be necessary for more 

concentrated gases (Iranpour et al., 2005). Since compounds must transfer from gas phase into 

the biofilm, which is controlled by Henry’s law, the type and concentration of pollutants present 

governs the removal rate (Delhomenie and Heitz, 2005). The treatment of mixtures of pollutants 

usually causes a decrease in the degradation rates when compared to single compounds (Kennes 

and Thalasso, 1998). It can be difficult to maintain an active community of microorganisms 

capable of degrading a rapidly changing waste stream. The flow rate and concentration of the 
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pollutants are related to the ability of the microbes to effectively biodegrade them (Ergas et al., 

1995). Inconsistency of pollutant stream concentrations, chemical compositions, and flow rates 

make maintenance of an actively degrading population of microorganisms difficult thus affecting 

the removal efficiency of the biofilter (Iranpour et al., 2005). 

Moisture content is critical, as water is absolutely required for microbial life. It is 

recommended that incoming pollutant air streams be humidified. Biofilms can only form on parts 

of media where water is accessible (Pineda et al., 2000). Too much water can restrict airflow 

therein limiting mass transfer of pollutants and can create anaerobic pockets in the biofilter 

(Cercado et al., 2012). A moisture content of 40-60% for the media itself is ideal (Delhomenie 

and Heitz, 2005; Lith et al., 1997). Excessive drying of the bed is associated with declining 

performance as low water content can reduce microbiological degradation capacity (Iranpour et 

al., 2005). It has been demonstrated that biofilms that experience drying have trouble recovering 

full activity when proper moisture levels are returned so consistent maintenance of moisture is 

essential. Water content of more than 60% should be avoided as it may cause mass transfer 

problems of hydrophobic compounds in the biofilter and can cause compaction (Lith et al., 1997). 

Excessive moisture can lead to stagnant zones with possible anaerobic conditions (Kennes and 

Thalasso, 1998; van Groenestijn and Hesselink, 1993).When concentrations of some pollutants 

are too high, oxygen may become depleted from parts of the biofilter (Zarook et al., 1998). It is 

expected that microaerophilic and anaerobic microorganisms would be found in oxygen depleted 

parts of the biofilter (van Groenestijn and Hesselink, 1993). Discussion of oxygen depleted 

portions of biofilters is quite limited in the literature but most microorganisms traditionally found 

in biofilters are aerobic (see Table 2-3). 



	  
	  

42 
	  

	  

Temperature should be maintained in the optimal range of the organisms growing in the 

biofilter keeping in mind that higher temperatures will require more water to maintain moisture 

levels. Most biofilters operate at mesophilic temperatures (Iranpour et al., 2005; Lith et al., 1997). 

Media should be selected to prevent compaction and should provide a high porosity as well as a 

high surface area. Porosity is a measure of the empty space divided by the whole volume taken 

up by the media. Compaction is correlated with a decline in performance and an increase in 

pressure drop (Delhomenie and Heitz, 2005; van Groenestijn and Hesselink, 1993). In summary, 

these biofilter operation parameters must be monitored and carefully selected to maintain 

maximal biofiltration performance. 

 

E. Microorganisms of Biofilters  

 

E.1. Microorganisms of Sulfide Removing Biofilters 

                       

Biofilters using natural organic media such as compost will contain a broad range of 

organisms including bacteria, actinomycetes, fungi, yeasts, algae, and protozoa.  Wastewater 

sludge can be used to seed a biofilter as it contains a diverse population of organisms. Although, 

some microbes present in a biofilter can be identified, traditional culture methods and 

biochemical identification are difficult as some organisms may not be cultivable and there may 

be large community present. Identification testing has generally only been established for 

pathogens and very well known environmental organisms, so molecular methods may be needed 

for organisms identification in biofilters. Additionally, organisms may occur as a biofilm 

attached to the media of the biofilter and bound together by adhesive polysaccharide structures 
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including bacterial exopolysaccharides and fungal hyphal slimes (O'Toole et al., 2000; Singh and 

Ward, 2005).  

Growth of filamentous bacteria in biofilters is often associated with clogging and 

declining performance as well so this should be considered in selection of bacteria species for 

seeding biofilters. Biofilm formation depends greatly upon the species of bacteria in the biofilter 

community as some species are more adept at attaching to surfaces (Purswani et al., 2011). 

Most biofilters experience an acclimation period at start-up that can range from several 

days to many months depending upon the chemicals targeted for removal. During this phase, the 

biofilter will experience lower removal efficiency. The acclimation period can be shortened 

greatly by enriching the biofilter with a particular organism adapted to removing the pollutant of 

interest (Cho et al., 1992a). The most extensively studied chemical for removal in biofilters is 

hydrogen sulfide; thus the knowledge of suitable microorganisms capable of degrading hydrogen 

sulfide is the best understood. Microorganisms suited to the removal of hydrogen sulfide are not 

necessarily suitable for the biodegradation of organic reduced sulfides or other odorous 

compounds.  

An effective organism used in many hydrogen sulfide biofilters is Thiobacillus thioparus. 

This organism is mesophilic, a strict aerobe, and uses sulfide as its electron donor (energy 

source). It oxidizes hydrogen sulfide to sulfate with production of sulfuric acid (Oyarzun et al., 

2003). Other Thiobacillus species such as Thiobacillus thiooxidans are well adapted to hydrogen 

sulfide removal (Kennes and Thalasso, 1998; Smet et al., 1996). Hyphomicrobium sp. are also 

suitable for hydrogen sulfide removal (Zhang et al., 1991). The acclimation period seen in 

biofilters seeded with a given organism for hydrogen sulfide removal ranges from zero to three 

weeks which is considerably shorter than that of an unseeded biofilter (Cho et al., 1992a). In 
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addition to the shortened acclimation period, seeding a biofilter with a particular organism allows 

for knowledge of its nutritional requirements. Providing the proper nutrients to the biofilter can 

enhance its performance. 

 Some Thiobacillus bacteria are acidophiles or acid tolerant and are capable of living in 

acidic environments so they can continue to perform optimally in the presence of sulfuric acid 

such as Thiobacillus acidophilus, Thiobacillus prosperus and Thiobacillis albertis. Thiobacillus 

thioparus, which is capable of degrading hydrogen sulfide, prefers a more neutral pH (Vlasceanu 

et al., 1997). Organisms that can biodegrade other sulfides are not always able to live in acidic 

environments so the performance of the biofilter begins to drop off as sulfuric acid accumulates 

(Kennes and Thalasso, 1998). Smet et al. (1996) used Hyphomicrobium to degrade dimethyl 

sulfide in a compost biofilter. The biofilter experienced a drop in removal efficiency following a 

decline in pH due to sulfuric acid accumulation (Smet et al., 1996). This indicates the difficulty 

in treating more complex waste streams and the importance in maintaining a neutral pH. As can 

be seen in Table 2-3, most of the organisms that have been found in biofilters prefer a neutral pH 

for optimal growth (ATCC, 2012; Cho et al., 1992b; EDL, 2012; Ergas et al., 1994; Ergas et al., 

1995; Hasegawa et al., 1990; Jensen and Webb, 1995; Oyarzun et al., 2003; Singh and Ward, 

2005; Smet et al., 1997; van Groenestijn and Hesselink, 1993; Vlasceanu et al., 1997). 

 

E.2. Microorganisms of VOC Removing Biofilters 

 

The knowledge of microorganisms capable of degrading non-sulfur based odorous compounds or 

hazardous VOCs is not well understood. Many organic compounds are capable of degradation by 

bacteria and fungi and the evolution of the microbial community in a biofilter will be determined 
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largely by the incoming waste gas stream composition and the biofilter media. Overtime, certain 

organisms will selectively grow more efficiently based on their ability to utilize the incoming 

energy source found in the waste gas stream. Some examples of the wide variety of microbes 

used in waste gas degradation are given in Table 2-3. The use of fungal species for elimination of 

VOCs is favorable because fungi are resistant to extreme conditions and are capable removal of 

hydrophobic compounds (Cox et al., 1997). However, many species of bacteria are adept at 

degrading VOCs as can be seen in Table 2-3. Biofilters may be seeded with a particular 

organism to speed up the acclimation period of the system or to degrade a particularly 

recalcitrant compound (Veiga and Kennes, 2001). 

Bacteria able to remove VOCs are normally incapable of living in acidic environments 

(Kennes and Thalasso, 1998). Information about acid tolerance of specific biofilter microbial 

species is limited in the literature, but it is well understood that the removal efficiency of 

biofilters often declines with a drop in the pH of the biofilter (Iranpour et al., 2005; Kennes and 

Thalasso, 1998). A 2001 study at University of California at Riverside by Deshusses et al.(2001) 

found that pH was the most crucial factor for development of MTBE degraders. MTBE is a 

moderately recalcitrant compound and the establishment of a bacterial community capable of 

degrading MTBE is a long process (Deshusses et al., 2001). A given bacterial species is typically 

capable of biodegrading a particular set of compounds for which it has the proper enzymes. The 

complexity of the microbial community necessary to degrade waste stream is based on the 

complexity of that waste stream. A versatile microbiologically compatible floura that can remove 

multiple compound types working separately but in the same biofilter has not been developed. In 

fact, a mixture of flora that removes sulfur compounds and VOCs has not been thoroughly 

studied. 
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Table 2-3: Microbial Cultures Reported for Treatment of Waste Gas Contaminants 

Contaminants Microorganisms  Oxygen 
Requirements 

Optimum pH pH Limits 

 
Hydrogen Sulfide Thiobacillus thioparus 

Thiobacillus thiooxidans 
Xanthomonas sp. 

Aerobe 
Aerobe 
Aerobe 

6.6-7.2 
2.0-3.5 
6.0-6.5 

4.5-7.8  
0.5-6.0 
4.0-8.8 

 

Dimethyl Sulfide 
 
 
Dimethyl Disulfide 

Hyphomicrobium sp. 
Pseudomonas acidovorans 
Thiobacillus thioparus 
Thiobacillus thioparus 

Aerobe 
Aerobe 
Aerobe 
Aerobe 

8.0 
7.0-8.5 
6.6-7.2 
6.6-7.2 

6.0-9.5 
6.0-8.5 
4.5-7.8  
4.5-7.8  

 

Benzene Pseudomonas putida 
Phanerochaete chrysosporium 
(Fungus) 

Aerobe 
Aerobe 

7.0-8.5 
Unknown 

6.0-8.5 
Unknown 

 

Toluene Pseudomonas putida 
Phanerochaete chrysosporium 
Scedosporium apiospermum 
(Fungus) 

Aerobe 
Aerobe 
Aerobe 

7.0-8.5 
Unknown 
Unknown 

6.0-8.5 
Unknown 
Unknown 

 

Styrene Exophiala jeanselmei 
(Fungus) 
Phanerochaete chrysosporium 
Sphingomonas capsulate 
Xanthomonas sp. 

Unknown 
Aerobe 
Aerobe 
Aerobe 

4.0-8.0 
Unknown 
Unknown 
6.0-6.5 

Unknown 
Unknown 
4.0-8.8 
Unknown 

 

MTBE/ETBE/TAMEa Acinetobacter calcoaceticus 
Rhodococcus ruber 
Gordonia amicalis 

Aerobe 
Aerobe 
Aerobe 

Unknown 
6.8-7.0 
Unknown 

Unknown 
Unknown 
5.5-10.0 

 

Dichloromethane Hyphomicrobium sp. 
Pseudomonas putida 

Aerobe 
Aerobe 

8.0 
7.0-8.5 

6.0-9.5 
6.0-8.5 

 

Trichloroethane Methylosinus trichosporium Aerobe 6.5-7.0 5.5-9.0  
a MTBE= Methyl tert-Butyl Ether, ETBE= Ethyl tert-Butyl Ether, TAME= tert-Amyl Methyl Ether 
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F. Biochemistry Occurring in a Biofilter 

 

Some studies have begun to look at the biochemistry of odorous compounds including 

generation and removal by microorganisms (Higgins et al., 2006; Lomans et al., 2002). The great 

majority of biofilters are aerobic as these systems are easier to operate than mataining anaerobic 

systems and aerobic systems are capable of removing most typical odors and VOCs. Aerobic 

systems are operatated under different biochemical conditions than anaerobic systems (van 

Groenestijn and Hesselink, 1993). These systems use oxygen as the terminal electron acceptor 

during metabolism of pollutants, which serve as the electron donors/energy sources. 

 

F.1. Biochemistry of Odorous Sulfur Compounds Removal 

 

Aerobically operated biofilters use oxygen as the terminal electron acceptor during 

metabolism of volatile sulfur compounds which serve as the electron donors/energy sources. 

Discussion which specific pathways are involved in the biodegradation of compounds in 

biofilters is fairly limited in the literature. Depending upon the organism and the enzymes it 

produces, specific pathways will be used to degrade a particular pollutant. Hydrogen sulfide is 

known to be metabolized to sulfuric acid, elemental sulfur, or more rarely polysulfide depending 

upon the organism (Delhomenie and Heitz, 2005; Iranpour et al., 2005; Jensen and Webb, 1995; 

Singh and Ward, 2005; van Groenestijn and Hesselink, 1993). Sulfur-oxidizing bacteria such as 

Thioalcalobacteria and Thiocalovibrio can convert sulfides to elemental sulfur using an electron 

acceptor at neutral pH (Equation 2-3) (Singh and Ward, 2005). 
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HS- + 1/2O2-> S0+OH-                                              (2-3) 

 

Thiobacillus ferroxidans uses ferrous sulfide to convert sulfuric acid to sulfate and 

elemental sulfur following the conversion of hydrogen sulfide to sulfuric acid (Jensen and Webb, 

1995). Much remains to be understood about the intermediates in the biodegradation of organic 

sulfides.  

While hydrogen sulfide is typically well removed in biofilters, dimethyl sulfide and 

dimethyl disulfide have variable removal efficiencies (Hwang et al., 1994; Iranpour et al., 2005). 

Pseudomonas acidovorans has shown degradation activity on hydrogen sulfide and organosulfur 

compounds (Oyarzun et al., 2003). Oyarzún et al (2003) reported that Thiobacillus thioparus was 

able to degrade hydrogen sulfide, MM, DMS, and DMDS. Biodegradation pathways are 

dependent on the specific organisms and the combination of chemicals being degraded (Singh 

and Ward, 2005). Some examples of reduced sulfur compound that are aerobically biodegraded 

are found in Figure 2-6 (De Bont et al., 1981; Jones et al., 2005; Oyarzun et al., 2003; Smith and 

Kelly, 1988). The organisms that are known to complete the biodegradation are shown. 

Organisms capable of degrading organic sulfides may also biodegrade hydrogen sulfide but will 

likely be intolerant of acid pH as seen in Table 2-3 (Smet et al., 1996). 
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Figure 2-6: Biodegradation of Volatile Sulfur Compounds by Microorganisms 

 

If anaerobic pockets are present in the biofilter, reduced sulfur compounds may continue 

to cycle as reduced sulfur compounds rather than being converted to sulfate or elemental sulfur 

as shown in Figure 2-6. Thus, the odor problem which the biofilter was designed to eliminate 

would continue (Lomans et al., 2002). Methanogenic bacteria may be involved in conversion of 

MM and DMS to hydrogen sulfide with the production of methane (Lomans et al., 1999). Clearly, 

it is difficult to permanently eliminate odorous compounds under anaerobic conditions, but this 

difficulty has not been explored and documented in the literature. 
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According to a study by Hwang et al. in 1994, some sulfides can be removed through 

anaerobic conditions (DMS) while others can only be removed in aerobic biofilters (DMDS and 

carbon disulfide) (Hwang et al., 1994). Maintaining aerobic conditions in the biofilter is essential 

to effective removal of DMDS (Hwang et al., 1994).  

 

F.2. Biofilter Models for Odor Removal 

 

Models have been applied to biofilters to describe the biological and physical processes 

taking place. These models aim to predict the elimination capacity of the biofilter based on the 

target compound and the design of the biofilter. Most models assume Monod or Michaelis-

Menten for the microkinetics of the biofilter (Leson and Winer, 1991; van Groenestijn and 

Hesselink, 1993). Michaelis-Menten kinetics suggest that if the biofilm is completely saturated 

with the compound of interest, the elimination with be limited by the biological activity in the 

biofilm and will follow zero-order kinetics (See Equation 2-1). If concentrations of the 

compound are below the critical level, the elimination of the compound will be below the 

maximal rate and will be determined by diffusion of the compound into the biofilm and will 

follow first-order kinetics (Leson and Winer, 1991). Hirai et al. (1990) determined the removal 

kinetics of hydrogen sulfide, methanethiol, and dimethyl sulfide in a peat biofilter. They applied 

Michaelis-Menten kinetics to determine the maximal removal rate and saturation constant. Hirai 

et al. (1990) found varying removal rates and saturation constants depending on which gas was 

being removed and the conditions under which the biofilter had been acclimated (Hirai et al., 

1990). Model reliability has typically been evaluated in controlled laboratory systems with 

simple inputs of one or a select few gases. The treatment of a mixture of pollutants usually 
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causes a decrease in the degradation rate compared to a single compound unless it is a co-

metabolic process where the presence of another containment enhances the degradation of the 

first pollutant (Kennes and Thalasso, 1998). Models have not typically been verified in full-scale 

industrial applications, but it should be noted that models are based on steady-state conditions 

and biofilters are dynamic systems influenced by outside factors such as variability in the flow 

rate, concentration, and composition of the incoming air stream (Kennes and Thalasso, 1998).  

 

F.3. Biochemistry of Toxic VOC Removal 

 

Heterotrophic microorganisms derive energy from the oxidation of VOCs using them as 

both carbon and energy sources. Aerobic degradation requires oxygen as the terminal electron 

acceptor (Singh and Ward, 2005). Microbial degradation transforms pollutants into carbon 

dioxide, water, inorganic byproducts such as acid, new cellular matter, and organic byproducts 

(Delhomenie and Heitz, 2005; Ward et al., 2003). Contaminants are degraded either into 

innocuous products or are converted into a different intermediate chemical which can be acted 

upon by another bacterial species in the biofilter if a suitable species is present (Kennes and 

Thalasso, 1998; Singh and Ward, 2005; van Groenestijn and Hesselink, 1993). Recalcitrant 

chemicals are particularly subject to incomplete degradation as microbes may lack the pathways 

to degrade some xenobiotics; mineralization of these types of compounds often involves co-

metabolism where a second substrate serves as the primary energy/carbon source (Jung et al., 

2005; Singh and Ward, 2005). In the case of trichloroethylene (TCE) removal, Jung et al. (2005) 

found that degradation of TCE caused a decrease in removal efficiency by Pseudomonas putida 



	  
	  

52 
	  

	  

due to build up toxic intermediates. However, activity could be somewhat recovered by the use 

of toluene as a primary substrate in a co-metabolic process with TCE (Jung et al., 2005).  

Complete oxidation of pollutants results in mineralization and is the desired objective. 

Pathways leading to mineralization may be incredibly complex and are dependent upon the 

specific chemical and particular organism. Figure 2-7 shows an example of the beginning stages 

of the toluene biodegradation pathway of Pseudomonas putida (Yu et al., 2001). Investigation of 

biochemical pathways of particular organisms in biofilters has been very limited. 

 

 

Figure 2-7: Toluene biodegradation by Pseudomonas putida 

 

Contaminants that are more difficult to degrade may need optimization of nutritional and 

physicochemical conditions to ensure contaminant metabolism. The extent and rate of 

biodegradation may depend on temperature, oxygen levels, the microbial population, acclimation 
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of the biofilter, accessibility of nutrients, chemical structure, pH, cellular transport properties, 

and chemical partitioning.  Factors affecting microbial degradation include: bioavailability of 

contaminants which is based on desorption, diffusion, and dissolution; nutrient availability 

including N, P, S, Ca, K, Na, Mg, Mn, Fe, Co, Zn, and Mo (Don and Feenstra, 1984); 

environmental conditions of pH, temperature, moisture levels, and oxygen levels; and the 

accumulation of inorganic end-products and intermediates of incompletely oxidized organic 

compounds (Singh and Ward, 2005; van Groenestijn and Hesselink, 1993).  

  Complex waste gas streams such as those from wastewater treatment plants may contain 

both odorous chemicals such as sulfides and toxic VOCs (Adams et al., 2004; Hwang et al., 1994; 

Zarra et al., 2008). The biodegradation pathways followed for VOCs have had limited 

investigation especially when they are present in combination with odorous compounds. This 

needs to be further examined by analysis of end-products that appear in a biofilter in order to 

better understand the biochemical cycles taking place. In summary, understanding the 

microbiology and biochemical cycles in biofilter systems enables optimization for more 

consistent, successful performance.  

 

G. Conclusions 

 

Four primary areas were emphasized in this review due their importance in controlling 

the performance of a biofilter: (1) media type; (2) operation parameters; (3) microorganisms; and 

(4) biochemical cycles. The biofilter field will continue to improve with better scientific 

understanding of these topics.  
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The majority of biofilters use an organic media, such as compost or peat. Most biofilters 

are designed to treat hydrogen sulfide, which is not the only compound present in odorous waste 

streams. System design based on H2S is not the best method for optimizing the treatment of other 

reduced sulfide odors or VOCs as each chemical may require different microorganisms or 

biofilter conditions. Treatment of hydrogen sulfide and other reduced sulfide causes 

accumulation of sulfuric acid resulting in a pH drop in the filter media and a decline in the 

removal efficiency of the biofilter. Inorganic media such as seashell media shows promise, but 

further exploration is needed to expand its applicability to a full range of odorous compounds 

and VOCs and claims of pH neutrality need to be verified. Additionally, investigation is needed 

to determine which nutrients are needed in an inorganic media biofilter which will depend upon 

the microorganism community.  

It has been demonstrated that certain parameters are critical to proper biofilter function. 

These include air inflow rate; concentration and composition of pollutant gases; moisture content; 

aeration of the column; and temperature. pH is also critical to maintenance of biofilter function. 

Aeration levels in the column have received little attention in the literature. Formation of 

anaerobic pockets is a phenomenon that is expected to occur, but has not been fully investigated. 

Obviously, anaerobic pockets would greatly affect the ability of the biofilter to properly 

eliminate pollutants so this warrants further exploration. The flow rate and concentration of 



	  
	  

55 
	  

	  

pollutant are related to the ability of the microbes to effectively biodegrade them. Inconsistency 

of pollutant stream concentrations, chemical compositions, and flow rates make maintenance of 

an actively degrading population of microorganisms difficult thus affecting the removal 

efficiency of the biofilter. These parameters need further examination through monitoring in 

conjunction with evaluating the biofilter performance over time. 

Models have been applied to biofilters to describe the biological and physical processes 

taking place. These models aim to predict the elimination capacity of the biofilter based on the 

target compound and the design of the biofilter.  Model reliability has typically been evaluated in 

controlled laboratory systems with simple inputs of one or a select few gases. Models have not 

typically been verified in full-scale industrial applications, but it should be noted that models are 

based on steady-state conditions and biofilters are dynamic systems influenced by outside factors. 

Microorganisms involved in biodegradation of pollutants have only been explored in a 

small set of biofilter systems. A wide variety of bacteria and fungi may be suitable to biofilters. 

Better understanding of microorganisms present allows for optimization of nutrients and other 

conditions to obtain the best possible removal efficiencies by the system. The knowledge of 

microorganisms capable of degrading most odorous compounds or VOCs is not well understood. 

There is information that indicates the difficulty in treating complex waste streams and the 

importance in maintaining a neutral pH. Many of the microorganisms involved in degradation of 
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organic sulfides and VOCs are not tolerant of acid pH. Thus the environment becomes 

inhospitable to some organisms with the accumulation of sulfuric acid resulting in a decline in 

performance. Thus, a biofilter designed for hydrogen sulfide removal may eventually become 

unable to remove the organic sulfides and VOCs also present in polluted air streams from 

wastewater treatment plants. Biofilters capable of removing organic sulfides and VOCs may 

require different or even multi-stage design. There is a need for development of a diverse 

microbiological floura that can work on sulfides and VOCs together. Future studies using mixed 

cultures should examine the predominant organisms present following the acclimation period in 

order to learn which organisms are the most effective at biodegrading given compounds. 

A greater understanding of biochemical cycles and nutrients required by microorganisms 

can lead to an increase in the performance of biofilters. Biochemical cycles taking place in the 

biodegradation of pollutants need further exploration to allow for better biofilter performance. It 

is understood that the biochemical cycle used is determined by both the organisms present in the 

biofilter and the compounds being treated. Discussion of specific pathways involved in the 

biodegradation of compounds in biofilters is fairly limited in the literature. Hydrogen sulfide is 

known to be metabolized to sulfuric acid, elemental sulfur, or more rarely polysulfide depending 

upon the organism, but much remains to be understood about the intermediates in the 

biodegradation of organic sulfides. If anaerobic pockets are present in the biofilter, reduced 
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sulfur compounds may continue to cycle as reduced sulfur compounds rather than being 

converted to sulfate or elemental sulfur thus continuing the odor problem which the biofilter was 

designed to eliminate. Clearly, it is difficult to permanently eliminate odorous compounds under 

anaerobic conditions, but this difficulty has not been explored and documented in the literature.  

The biodegradation pathways followed for VOCs have had limited investigation especially when 

they are present in combination with odorous compounds. This needs to be further examined by 

analysis of end-products that appear in a biofilter in order to better understand the biochemical 

cycles taking place. While biochemical cycles can be incredibly complex in mixed waste gas 

streams, better understanding of the microbiology and biochemical cycles is key to achieving the 

best possible biofilter performance. 
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Chapter III 

 

Treatment of Odor by a Seashell Biofilter at a Wastewater Treatment Plant 

 

A. Abstract 

 

Biofilters are becoming an increasingly popular treatment device for odors and other 

volatiles found at wastewater treatment plants. A seashell media based biofilter was installed in 

April 2011 at Lake Wildwood Wastewater Treatment Plant located in Penn Valley, California. It 

was sampled seasonally to examine its ability to treat odorous compounds found in the air above 

the anaerobic equalization basin at the front end of the plant and to examine the properties of the 

biofilter and its recirculating water system. The Odor Profile Method sensory panels found 

mainly sulfide odors – rotten eggs and rotten vegetable and fecal odors. This proved to be a 

useful guidance tool for selecting the required types of chemical sampling. The predominant 

odorous compounds found were Hydrogen Sulfide, Methyl Mercaptan and Dimethyl Sulfide. 

These compounds were effectively removed by the biofilter at greater than 99% removal 

efficiency therein reducing the chemical concentrations to below their odor thresholds. 

Aldehydes found in the biofilter were below odor thresholds but served as indicators of 

biological activity. Gas Chromatography-Mass Spectrometry and Gas Chromatography-Sniff 

analyses showed the presence of Dimethyl Disulfide and Dimethyl Trisulfide as well, but barely 

above their respective odor thresholds. The pH of the recirculating water indicated neutrality of 

the biofilter when correct levels of flush water were added.  Other measurements of the 

recirculating water indicated that the majority of the bio-activity takes place in the first stage of 
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the biofilter. All measurements performed suggest that this seashell biofilter is successful at 

removing odors found at Lake Wildwood. This study is an initial examination into the 

mechanism of the removal of odorous compounds in a seashell biofilter.  

 

Keywords: Biofiltration; odor treatment; seashell biofilter; wastewater treatment plant 

 

B. Introduction 

 

Odorous compounds and hazardous volatile organic compounds are released into the 

environment from natural biodegradation and anthropogenic sources including waste treatment 

operations such as composting, sludge drying, and wastewater treatment (Higgins et al., 2008; 

Jones et al., 2005). Due to recent population growth, population centers and these facilities are in 

closer proximity resulting in a large increase in the number of public complaints about odor 

nuisance (Curren, 2012; Lebrero et al., 2011; Leson and Winer, 1991; Muñoz et al., 2010). 

Munoz et al. (2010) has reviewed recent advances of the air odor assessment, specifically 

the use of the individual odor character rather than total odor by odor panels using the Odor 

Profile Method (OPM) with odor wheels to define odor characteristics (Burlingame, 1999; 

Curren et al., 2014; Suffet et al., 2004) in combination with the odor intensity approach used by 

Curren et al. (2014). Odor wheels have been developed to characterize the types of odor present 

from different odorous sources including wastewater treatment, composting, landfills and more 

recently, urban odors (Suffet and Rosenfeld, 2007). Also, Gas Chromatography-Mass 

Spectroscopy (GC-MS) to corroborate GC-Sensory (GC-Sniff) Analysis has contributed to 

improve our ability to assess odor emissions in terms of odorant composition and concentration. 
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Ideally, in order to control odors, the specific odor characteristics by the odor wheel and their 

intensities (e.g. rotten vegetable, intensity 8 and rancid, intensity 6, etc) should first be 

determined by an odor panel with the OPM. Sensory measurements by trained panelists can 

measure nuisance odors as no instrument can properly simulate the human nose. OPM can 

provide insights into the proper type of chemical analyses needed to identify odors. Additionally, 

the ratio of the concentration of a particular chemical measured by chemical analysis to its odor 

threshold concentration can help define an odor nuisance and aid in the development of odor 

control strategies. These methods were used in this study.  

Traditionally, volatile compounds released from industry and community sources have 

been treated by: activated carbon, incineration, and chemical scrubbers. In the last few decades, 

biofilters have become an increasingly popular treatment device for odorous compounds and 

other VOCs.  Biofilters have many advantages including lower operating cost, decreased energy 

consumption, and reduced by-product pollution (Iranpour et al., 2005; Leson and Winer, 1991). 

A biofilter consists of a bed of media with microbes immobilized which biodegrade pollutants 

passed through in an air stream. The pollutants partition into the biofilm where the 

microorganisms, in a matrix of extrapolymeric substances, access the pollutants for 

biodegradation. The majority of biofilters operate aerobically and use organic media, such as 

compost or peat (Delhomenie and Heitz, 2005). 

Biofilters designed to treat hydrogen sulfide and other reduced sulfide compounds are 

known to accumulate sulfuric acid from biodegradation resulting in a pH drop in the filter media 

that is often accompanied by a decrease in the removal efficiency of the biofilter (Carlson and 

Leiser, 1966; Jones et al., 2005; Smet et al., 1996). Figure 3-1 shows how microorganisms 

produce sulfuric acid in the biodegradation of hydrogen sulfide and other reduced sulfide 
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compounds (De Bont et al., 1981; Jones et al., 2005; Oyarzun et al., 2003; Smith and Kelly, 

1988). While the organisms shown in Figure 3-1 have all been found in traditional biofilters, 

they are not necessarily acid tolerant. Systems degrading compounds other than hydrogen sulfide 

have typically experienced rapid declines in efficiency at below neutral pH (Iranpour et al., 

2005). This is thought to be in part because many of the microorganisms involved in degradation 

of organic sulfides and VOCs are not tolerant of acid pH unlike some of those that degrade 

hydrogen sulfide. It is important to note that some of organisms capable of degrading hydrogen 

sulfide are also capable of degrading other reduced sulfides, but are not tolerant of acid pH, e.g. 

Hyphomicrobium species (Iranpour et al., 2005; Smet et al., 1996; Smet et al., 1993). 

Information on which species have been found to be acid tolerant is limited in the literature as 

microbiological investigations are not commonly performed in biofilters, even after declining 

performance. 

 

 

Figure 3-1: Biodegradation of Volatile Sulfur Compounds by Microorganisms Found in 

Traditional Biofilters 
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In order to control pH, some studies have demonstrated the use of organic media mixed 

with crushed calcium carbonate, the material which composes seashells, in order to neutralize the 

acid produced in sulfide oxidation, but few studies have examined the use of media made 

entirely from seashells (Delhomenie and Heitz, 2005). In 1994, Bord na Mόna, marketed in the 

United States as Anua (Newbridge, Ireland), developed an innovative seashell media biofiltration 

system known as Mόnashell. The use of seashells made of calcium carbonate as biofilter media 

theoretically allows for maintenance of a neutral pH due to their buffering capacity under aerobic 

conditions during the removal of odorous compounds such as reduced sulfides (Kouyoumjian 

and Saliba, 2006; Smet et al., 1996). In addition to the pH control thought to be provided by 

seashells, they have a high porosity which is associated with good biofilm growth and prevention 

of compaction and channeling compared to an organic media like compost (Delhomenie and 

Heitz, 2005). Table 3-1 indicates some differences between traditional media types and seashell 

media (Bergey et al., 1974; Delhomenie and Heitz, 2005; Iranpour et al., 2005). 

 

Table 3-1:  Differences between Traditional Media and Seashell Media in a Biofilter Treating 

Hydrogen Sulfide 

 Traditional Media  Seashell Media 
Media Type Typically Organic such as Compost or Peat Inorganic 
Biofilter pH Mostly Acidic Assumed To Be Neutral 
Organisms Thiobacillus thioparus (pH tolerance 4.5-7.8) 

Thiobacillus thiooxidans (pH tolerance 0.5-6.0) 
Hyphomicrobium sp. (pH tolerance 6.0-9.5) 

Unknown 
 

 

The Mόnashell system has been demonstrated to be capable of treating high levels of 

hydrogen sulfide the Bord na Mόna Environmental Products U.S. product distributor (Naples, 
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2010) and at Orange County Utilities by Van Durme et al. (2010).  The performance of the 

seashell biofilter system treating emissions from a mixed sludge storage tank at a Greensboro, 

NC water reclamation facility was reported by Naples (2010). Removal of greater than 99% 

hydrogen sulfide was shown over an extended time period with concentrations as high as 376 

ppm. Two grab samples showed that methyl mercaptan was removed at 100% and 89%, 

dimethyl sulfide at 83% and 71%, and dimethyl disulfide at 100% and 50% without the use of 

nutrient or chemical addition for pH balancing. VOC sampling was performed and all 

compounds were found to be below or very close to their odor thresholds. While odor analysis 

was conducted, results were not shown thus a picture of the performance can only be understood 

in the concept of removal efficiencies. This does not help one to understand how much nuisance 

would be posed to surrounding residences by incompletely removed compounds, some of which 

are above their respective odor thresholds. Additionally, many details of the operation including 

basic data on size of bed, detention time and flow rates of air and water were not described. Van 

Durme et al. (2010) conducted pilot testing of a Monashell System at the Orange County Utilities 

Stillwater Crossing Pump Station, Windermere, Florida. The data showed that the pilot system 

provided over 99 percent H2S removal at inlet concentrations as high as 124.5 ppm during 8 

months of testing. The pilot unit also provided very good odor removal efficiencies of over 97% 

odor by the method of detection threshold (DT) (EN13725). However, a look at outlet DT still 

shows some odor is not being fully removed, but efforts were not made to attribute this odor to 

particular chemical compounds. Three grab samples at the end of 2, 3 and 5 months of operation 

and showed over 81% removal of methyl mercaptan. Dimethyl sulfide at 140 ppbV showed a 

94% removal rate at one time, however when 23 and 33 ppbV of dimethyl sulfide was present in 

the inlet, 0 and 48% removal was observed, respectively. VOCs were once again found to be 
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very close to or below their odor thresholds. While these studies from WEF Proceedings show 

seashell media to be quite effective, a further operational understanding and investigation of the 

seashell biofilter is necessary as claims of pH neutrality and variations of hydrogen sulfide over 

time (daily, weekly and seasonally) have not been fully defined and evaluated. Also, the odor 

character and intensity of the odorants, water quality changes in the recirculation system and 

microbiological investigations have not been performed for the biofilter. Aldehyde and 

carboxylic acid analyses have not been performed while these are compounds that are often 

found at wastewater treatment plants (Burlingame et al., 2004). 

The objective of this study is to investigate the functioning of an operational, aerobic, 

theoretically neutral pH, seashell biofilter treating the air from an Equalization (EQ) Basin 

entering a sewage treatment plant to understand how it functions to remove odorous compounds 

based on the results of chemical and physical analyses. Microbiological processes of the seashell 

biofilter are discussed in Chapter 4.  

To comprehend the functioning of the biofilter, evaluations included: measurement of 

odor by an odor panel using the odor profile method (OPM), specific chemical removal 

efficiencies of the biofilter in combination with the Gas Chromatography-Mass Spectroscopy 

(GC-MS) and GC-Sniff analysis and independent quantitative organic chemical analysis of 

odiferous sulfides, carboxylic acids and aldehydes. The use of the OPM gives an important 

opportunity to understand any remaining odors in the outlet of the biofilter that would be missed 

by the use of DT as an odor evaluation technique. Also the water quality changes of the 

recirculating water of the seashell biofilter, were studied e.g. pH, conductivity, hardness, 

alkalinity, and dissolved oxygen measurements. This evaluation shows the use of a seashell 

biofilter for removal of odorous compounds at another location besides a mixed sludge storage 
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tank (Naples, 2010) and a crossing pump station (Van Durme et al., 2010).  

 

B.1. Lake Wildwood WWTP 

 

A small treatment plant, Lake Wildwood WWTP, located in Penn Valley, California, 

treating 1,325,000 liters per day (350,000 gallons per day) of dry weather flow was selected as a 

site for evaluating an operating seashell biofilter.  The wastewater treatment plant follows a 

fairly traditional treatment scheme though it includes an anoxic denitrification tank prior to 

aeration. The plant used chlorination of water before release until it switched to UV treatment in 

2013. Lake Wildwood WWTP typically treats young, raw wastewater with a short time of 

transfer from the wastewater sources to plant of less than a day. Volume during heavy rain flows 

can reach 3 times the dry weather flow.  Due to the relatively rural location of the plant, it does 

not treat industrial waste. Thus, toxicity to microorganisms and the surrounding community due 

to trace organic volatiles are minimized.  

Air above the Equalization basin is drawn through the biofilter which treats the air before 

its release into the atmosphere. Samples were taken for chemical analysis at the inlet and outlet 

of the biofilter in March 2012, August 2012, and September 2013.  At Lake Wildwood WWTP, 

raw wastewater is screened at the headworks and then flows to the pump mixed anaerobic EQ 

tank. Wastewater is pumped from the EQ basin to the anoxic denitrification tank. Following this 

step is pre-aeration and an oxidation ditch. The flow from this stage goes to a clarifier with return 

activated sludge. After clarification, the wastewater is filtered then disinfection with chlorine 

gas. Water is then dechlorinated using sulfur dioxide and released to the nearby river.  
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Air from the EQ Tank headspace is collected and treated through the biofilter. A picture 

of a schematic of Lake Wildwood WWTP before the biofilter was installed is shown in Figure 3-

2. Locations of the biofilter (not pictured) and the EQ basin (originally uncovered as shown in 

figure) are indicated. The Mónashell biofilter (Bord na Móna, Newbridge, Ireland) is shown in 

Figure 3-3. The biofilter has Oyster shells for the first stage and Mussel shells for the second 

stage.  The air flow rate is 28300 L/min (1000 ft3/min) flowing up through the first stage and 

down through the second stage.  The unit can treat flows ranging from 21200 L/min to 34000 

L/min. The unit is 5 m by 2 m by 2 m (length, width, and height). The first stage is 3 m long and 

the second stage is 2 m long. The bed depth is approximately 1.5 m bearing in mind that the 

shells dissolve with time. The water recirculation flow rate throughout the biofilter is 38-76 liters 

per minute (10-20 gallons per minute). The source of the makeup water is the chlorinated plant 

water which passes through a sodium sulfite feeder for dechlorination. When the plant switched 

to UV treatment in 2013, the sodium sulfite addition was discontinued. The biofilter was seeded 

once only at the startup of the biofilter with nutrients and organisms from Bord na Móna 

(Newbridge, Ireland) that were supplied with the unit. The unit has been in operation since April 

2011.  
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Figure 3-2: Schematic of Lake Wildwood WWTP before Biofilter Installation
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Figure 3-3: Biofilter Located at Lake Wildwood WWTP 

 

C. Methods and Materials 

 

C.1. Odor Profile Method Sampling 

 

One liter unconditioned Tedlar bags (SKC West, Fullerton, California) and a foot pump 

apparatus (Columbia Analytical Service, Simi Valley, California) were used to take samples at 

the inlet and outlet of the biofilter. Samples were taken on August 29, 2012 and September 4, 
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2013 and were shipped overnight to UCLA. Samples were analyzed using the Odor Profile 

Method at UCLA on August 30, 2012 and September 5, 2013 respectively (Burlingame, 1999).  

Samples were analyzed for odor character and odor intensity using the Wastewater Treatment 

Plant Wheel following the OPM (Curren et al., 2014; Suffet and Rosenfeld, 2007). The 7-point 

Flavor Profile Analysis (FPA) scale from Standard Method 2170 was used to evaluate the 

intensity of samples (APHA, 2012b; Curren et al., 2014; Suffet et al., 1988). The odor intensity 

scale includes the numbers 1, 2, 4 (weak), 6, 8 (moderate), 10, and 12 (strong). 

 

C.2. Sulfide Sampling 

 

One liter Tedlar bags (Zefon, Ocala, Florida) and a foot pump apparatus (Columbia 

Analytical Services, Simi Valley, California) were used to take samples of the biofilter. In March 

2012, inlet samples were taken over the EQ basin and outlet samples were taken from a diluted 

outlet stream (10 times dilution). In August 2012 and September 2013, inlet samples were taken 

directly from the inlet of the biofilter and outlet samples were taken directly from the outlet of 

the biofilter. Samples were shipped to Columbia Analytical for processing within 24 hours of 

sampling. Samples were analyzed by ASTM Method D5504-01 using GC-Sulfur 

Chemiluminous Detection (SCD). Chemical analysis looked for Hydrogen Sulfide, Carbonyl 

Sulfide, Methyl Mercaptan, Ethyl Mercaptan, Dimethyl Sulfide, Carbon Disulfide, Isopropyl 

Mercaptan, tert-Butyl Mercaptan, n- Propyl Mercaptan, Ethyl Methyl Sulfide, Thiophene, 

Isobutyl Mercaptan, Diethyl Sulfide, n-Butyl Mercaptan, Dimethyl Disulfide, 3-

Methylthiophene, Tetrahydrothiophene, 2,5-Dimethylthiophene, 2-Ethylthiophene, and Diethyl 

Disulfide. 
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Additionally, data is included in the paper from measurement using an OdaLog L2 

Hydrogen Sulfide Gas Logger (Detection Instruments Corporation, Phoenix, Arizona). The unit 

has been used to measure the hydrogen sulfide concentration in ppm inside the EQ Basin and at 

the exit of the biofilter.  

 

C.3. Aldehyde and Carboxylic Acid Sampling 

 

In March and August of 2012, aldehyde sampling was performed. An air pump (Model 

224-PCXR4, SKC West, Fullerton, California) was used at a rate of 1 L/min for 100 minutes 

through a sorbent tube of silica gel containing 2, 4-dinitrophenylhydrazine. Samples were capped 

and mailed to Columbia Analytical on ice, in a cooler for processing. Samples were analyzed by 

EPA Method TO-11A using HPLC with a UV-Vis Detector for Formaldehyde, Acetaldehyde, 

Proprionaldehyde, Crotonaldehyde, Butyraldehyde, Benzaldehyde, Isovaleraldehyde, 

Valeraldehyde, o-Tolualdehyde, m-Tolualdehyde, p-Tolualdehyde, n-Hexaldehyde, and 2,5-

Dimethylbenzaldehyde. 

In March 2012, sorbent tubes were also collected for carboxylic acid analysis. An air 

pump (Model 224-PCXR4, SKC West, Fullerton, California) was used at a rate of 1 L/min for 

100 minutes through a sorbent tube of silica gel. Samples were shipped to Columbia Analytical 

and were analyzed by Columbia Analytical Method 102 on a GC-MS for Acetic Acid, Propionic 

Acid, 2-Methylpropanoic Acid, Butanoic Acid, 2-Methylbutanoic Acid, 3-Methylbutanoic Acid, 

Pentanoic Acid, 2-Methylpentanoic Acid, 3-Methylpentanoic Acid, 4-Methylpentanoic Acid, 

Hexanoic Acid, Heptanoic Acid, 2-Ethylhexanoic Acid, Cyclohexanecarboxylic Acid, Octanoic 

Acid, Benzoic Acid, and Nonanoic Acid. All chemicals were non-detect below 2.9 µg/m3 except 
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Acetic Acid at 23 µg/m3 so this analysis was not performed in the future.  In both March and 

August of 2012, inlet samples were taken at the biofilter. In March, outlet samples were taken at 

a location of 10-fold dilution. In August, outlet samples were taken at the direct outlet of the 

biofilter.  

 

C.4. GC-MS and GC-Sniff Sampling 

 

In August 2012, one liter Tedlar bags and a foot pump apparatus (Columbia Analytical 

Services, Simi Valley, California) were used to take samples at the inlet and outlet of the 

biofilter. Samples were shipped to UCLA and processed the next day. 100 mL of sample was 

injected using a ground glass syringe onto the gas adsorbent traps/heat desorption system 

(designed by Randy Cook, Lotus Instruments, Long Beach, California) and purged to a Varian 

450 GC (Varian Inc., Palo Alto, California) with two detectors: a Varian 220 MS and a SGE 

Brand Olfactory “Sniffer” (SGE Analytical Science, Austin, Texas) using 99.9999% Helium as 

the carrier gas at a flow rate of 1 mL/min. The sniff port consists of a glass nosecone at the base 

of the capillary column where air from the column exits at atmospheric pressure and is mixed 

with a humidified breathable air stream created by bubbling air through water in a glass tube to 

prevent drying out of nasal membranes. The chemical traps were made out of five layers 

consisting of: 60/80 mesh glass beads, Carbopack C and B, Carbosieve 569 and 1003. The traps 

were maintained at 35ºC and following injection were rapidly heated to 220ºC over 0.1 min to 

desorb the samples. The columns used to both detectors were Restek Rtx-wax columns (length 

60 m, ID of 0.25 mm ID, film thickness of 0.5 µm). The temperature program used was: 40ºC 

hold for 10 min, a ramp of 6 ºC /min to 160 ºC with a hold of 13 min, and a ramp of 10 ºC /min 
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to 220 ºC with a hold of 5 min. The Ion Trap MS monitored from 47-300 m/z for the first 17 

minutes and then from 44-300 m/z for the remaining duration to avoid interferences. Samples 

were processed in a similar manner in September 2013 and the results of the analysis yielded 

similar results. 

The relationship between the retention times on the GC-MS and the GC-Sniff was fitted 

to a cubic power and a liner equation. The use of these equations allowed for the establishment 

of the time of elution on the GC-MS based on the time of elution on the GC-Sniff. Quantification 

of Dimethyl Sulfide, Dimethyl Disulfide, and Dimethyl Trisulfide was performed using standard 

curves on the GC-MS. VOC standards have been run on the GC-MS to examine the level of 

industrial chemicals in the biofilter at Lake Wildwood WWTP. These include Toluene, Xylenes 

(ortho, meta, and para), Ethylbenzene, and Dichloromethane. 

 

C.5. Water Sampling 

 

On August 29, 2012, recirculating water samples were removed from both stages of the 

biofilter in 50 mL Nalgene Bottles from the recirculation tanks of both stages of the biofilter for 

future pH and conductivity analysis. pH was measured on the water inside the shells on August 

29, 2012 using a variety of types of long and short range pH paper. pH and conductivity were 

measured using an Accumet AP85 (Fisher Scientific, Pittsburgh, PA) pH/conductivity meter. pH 

paper was used to measure the pH in the water pooled inside the seashells. Three types of paper 

were used: pH 4.0-7.0 ColorpHast pH Test Strips, pH 6.0- 8.0 Hydrion pH Papers, pH 2-10 

Universal pH Paper. On September 4, 2013 pH and conductivity were measured live using the 

Accumet AP85. Dissolved oxygen measurements were measured on-site using a Hach Dissolved 
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Oxygen Meter (Loveland, Colorado). Samples were taken back to UCLA in 250 mL glass bottles 

for alkalinity and hardness measurements following Standard Method 2320 for low alkalinity 

and Standard Method 2340 by EDTA Titration, respectively (APHA, 2012a). 

 

D. Results and Discussion 

 

D.1. Odor Profile Method  

 

Tables 3-2 and 3-3 show the data of samples taken from the inlet and outlet of the 

biofilter and analyzed by OPM. Rotten eggs and rotten vegetable were the primary 

characteristics of the inlet with intensities between 4 (weak) to 8 (moderate). These types of 

odors are usually the result of reduced sulfide compounds such as Hydrogen Sulfide and Methyl 

Mercaptan, respectively. These constant odors would cause odor complaints depending on wind 

direction and off-site neighbors. The fecal odors found during the September sampling, Table 3-

3, could be from indole or skatole, whose odors have been previously characterized as fecal in 

the water of wastewater treatment plants, or other unidentified compounds (Godayol et al., 2011; 

Hwang et al., 1995). In the literature, indole and skatole have not been detected in air samples 

from wastewater treatment plant samples.  

The outlet results indicate mainly phenol/medicinal odors which are characteristic of the 

use of Tedlar Bags for sampling. Tedlar Bags are known to have a high Phenol background level 

(Trabue et al., 2006). In a set of analyses of Tedlar bags filled with pure air, odor characters of 

phenol/medicinal (4.3±1.9) and odor notes of solventy, rubbery, musty, and burnt were found 

with similar odor intensities to those found in the outlet bags in this study. As seen in this 
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instance, the OPM has provided clues as to what types of chemical analysis may be necessary. It 

is seen here that the inlet samples should be analyzed for sulfides and indole and skatole and that 

the outlet samples contain significantly reduced odors and are more characteristic of a blank 

Tedlar Bag. 

 

Table 3-2: Results of Odor Profile Method from August 30th, 2012 

Inlet 
Odor Character 

 
Odor Intensity 

Outlet 
Odor Character 

 
Odor Intensity 

Rotten Eggs 8 ± 1.63 Phenol 3 ± 3.46 
Rotten Vegetable Odor Note Plastic 3 ± 3.46 
  Sweet Odor Note 
 

 

Table 3-3: Results of Odor Profile Method from September 5th, 2013 

Inlet Morning Inlet Afternoon Outlet Morning Outlet Afternoon 
Odor Odor Odor Odor Odor Odor Odor Odor 
Character Intensity Character Intensity Character Intensity Character Intensity 
Rotten 
Vegetable 

4.6±3.0 Glue Odor 
Note 

Fecal 4.3±2.1 Solvent 2.0±2.0 

Fecal 4.0±3.1 Solvent Odor 
Note 

Rotten 
Vegetable 

3.4±3.4 Glue Odor 
Note 

Rotten 
Eggs 

Odor 
Note 

Medicinal Odor 
Note 

Rotten 
Eggs 

Odor 
Note 

Medicinal Odor 
Note 

Musty Odor 
Note 

Rotten 
Vegetable 

Odor 
Note 

Musty Odor 
Note 

Fecal Odor 
Note 

Glue Odor 
Note 

Rotten 
Garlic 

Odor 
Note 

Sewery Odor 
Note 

Rotten 
Vegetable 

Odor 
Note 

Rubbery Odor 
Note 

Rubbery Odor 
Note 

Garlic Odor 
Note 

Rubbery Odor 
Note 

    Fecal Odor 
Note 

Putrid Odor 
Note 

Musty Odor 
Note 
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D.2.  Sulfide Analyses 

 

In March 2012, August 2012 and September 2013, samples were taken for sulfide 

analysis by Columbia Analytical Services by ASTM Method D5504-01 (Devos et al., 1990). All 

samplings found Hydrogen Sulfide (rotten egg), Methyl Mercaptan (rotten vegetable), and 

Dimethyl Sulfide (rotten vegetable) present at the inlet of the biofilter in concentrations 

exceeding their odor thresholds (see Tables 3-4, 3-5 and 3-6). The relative strength of the 

compound can be compared to its odor threshold which gives an indication of the relative 

nuisance of the different compounds. The relative strength of the inlet concentration of the 

sulfide compounds divided by their respective odor thresholds are given in Tables 3-4, 3-5, and 

3-6. Hydrogen Sulfide and Methyl Mercaptan had a similar relative strength (25x to 1000x and 

30x to 650x, respectively) indicating that both compounds present a probable nuisance. Dimethyl 

sulfide had a much lower relative strength (3.8x to 12x) indicating that it is probably a lesser 

nuisance at the WWTP. However, Dimethyl Sulfide would add to the Methyl Mercaptan rotten 

vegetable odor. Other sulfide compounds were not detected possibly due limited bioreaction time 

as there is a short transfer time of  <1 day from the wastewater sources to the plant. 

Biochemically, larger sulfide compounds are typically produced later in the sewage 

biodegradation process (Higgins et al., 2006; Lomans et al., 2002). This sampling data is 

consistent with OPM data shown in Tables 3-2 and 3-3, which found rotten egg and rotten 

vegetable odors. 

Morning samples showed higher concentrations than afternoon samples due to longer 

overnight storage times in the collection system. Hydrogen sulfide concentrations ranged from 

470 ppb to 19 ppm in the inlet with removal efficiencies of between 99.93% - 100% based on 
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detection limits of 5 ppb. Methyl mercaptan concentrations ranged from 30 ppb to 650 ppb in the 

inlet with removal efficiency of 100%. Dimethyl sulfide concentrations of the inlet ranged from 

below the 5 ppb detection limit to 29 ppb with removal efficiency of 100%. Sampling difficulties 

on the morning of August 29, 2012 prevented the analysis of the outlet sample. The outlet 

afternoon sample of the same day showed Hydrogen Sulfide at a level near its odor threshold 

depending upon the source of the odor threshold concentration (Cheremisinoff, 1992; Nagata). 

This presents a possible nuisance to nearby residents however air exiting the biofilter 

experiences a 10-fold dilution which should bring the concentration below odor threshold before 

release into the surrounding community. Samples were taken at the outlet of the biofilter rather 

than the point of 10-fold dilution. The sulfide data shows the seashell biofilter to be quite 

effective at removing all types of reduced sulfide compounds. 

 

Table 3-4: Results of Sulfide Analysis for March 2012 

Sulfides: Afternoon of March 27, 2012 (Set 1) 
Compound Odor In  

(ppbV) 
Out  
(ppbV) 

Relative 
Strength 

Odor 
Thresholdb

(ppbV) 

MDLc 
(ppbV) 

Hydrogen Sulfide Rotten Egg 4,100a <MDL 220x 19 5.0 
Methyl Mercaptan Rotten Cabbage 160 <MDL 160x 1.0 5.0 
Dimethyl Sulfide Rotten Cabbage 9.0 <MDL 3.8x 2.4 5.0 
           
Sulfides: Afternoon of March 27, 2012 (Set 2) 
Hydrogen Sulfide Rotten Egg 1,500 <MDL 79x 19 5.0 
Methyl Mercaptan Rotten Cabbage 61 <MDL 61x 1.0 5.0 
a Bold Indicates Compounds are above Odor Threshold 
b Odor Thresholds from (Cheremisinoff, 1992) 
c MDL = Method Detection Limit 
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Table 3-5: Results of Sulfide Analysis for August 2012 

Sulfides: Morning of August 29, 2012 
Compound Odor In 

(ppbV) 
Out 
(ppbV) 

Relative 
Strength 

Odor 
Thresholdb 
(ppbV) 

MDLc 
(ppbV) 

Hydrogen Sulfide Rotten Egg 19,000a ~ 1000x 19 5.0 
Methyl Mercaptan Rotten Cabbage 650 ~ 650x 1.0 5.0 
Dimethyl Sulfide Rotten Cabbage 29 ~ 12x 2.4 5.0 
Sulfides: Afternoon of August 29, 2012 
Hydrogen Sulfide Rotten Egg 10,000 7.3 530x 19 5.0 
Methyl Mercaptan Rotten Cabbage 460 <MDLb 460x 1.0 5.0 
Dimethyl Sulfide Rotten Cabbage 24 <MDL 10x 2.4 5.0 
a Bold Indicates Compounds are above Odor Threshold 
b Odor Thresholds from (Cheremisinoff, 1992) 
c MDL = Method Detection Limit 
 

Table 3-6: Results of Sulfide Analysis for September 2013 

Sulfides: Morning of September 4, 2013 
Compound Odor In 

(ppbV) 
Out 
(ppbV) 

Relative 
Strength 

Odor 
Thresholdb 
(ppbV) 

MDLc 
(ppbV) 

Hydrogen Sulfide Rotten Egg 960a <MDLb 51x 19 5.0 
Methyl Mercaptan Rotten Cabbage 68 <MDL 68x 1.0 5.0 
Dimethyl Sulfide Rotten Cabbage 24 <MDL 10x 2.4 5.0 
Sulfides: Afternoon of September 4, 2013 
Hydrogen Sulfide Rotten Egg 470 <MDL 25x 19 5.0 
Methyl Mercaptan Rotten Cabbage 30 <MDL 30x 1.0 5.0 
Dimethyl Sulfide Rotten Cabbage 25 <MDL 10x 2.4 5.0 
a Bold Indicates Compounds are above Odor Threshold 
b Odor Thresholds from (Cheremisinoff, 1992) 
c MDL = Method Detection Limit  
 

Data from the OdaLog unit was used to assess seasonal and daily trends in Hydrogen 

Sulfide concentrations that are considered to be representative of odor trends at Lake Wildwood 

WWTP by the WWTP manager. As seen in Figure 3-4, there are daily spikes in the Hydrogen 

Sulfide concentration during the hours slightly following when residents awake in the morning 
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(due to low flow conditions that create longer overnight storage conditions) and following when 

they return home for the evening as a result of higher flow. Figure 3-5, shows the seasonal 

differences in H2S concentrations. The OdaLog data shows that average concentrations are 

higher in the summer within a given year (July and August 2011) compared to the spring (April 

2011). This is consistent with sampling in March 2012 showing lower Hydrogen Sulfide 

concentrations compared to August 2012 (See Tables 3-4 and 3-5). The average during April 

was 10 ppm compared to the average of 18 ppm in July through August. 

 

 

Figure 3-4: OdaLog H2S Concentrations from 4/16/2011 Showing Daily Peaks 



	  

89 
	  

 

 

Figure 3-5: OdaLog H2S Concentrations from 2011 Showing Seasonal Trends  
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D.3. Aldehyde and Carboxylic Acid Analyses 

 

Analysis for aldehydes was performed in both March 2012 and August 2012. The most 

commonly detected aldehydes were: Acetaldehyde, n-Hexaldehyde, 2,5-Dimethylbenzaldehyde, 

Formaldehyde, and Valeraldehyde (see Tables 3-7 and 3-8). While all of these compounds are 

odorous, they were all found at levels well below their odor threshold concentrations in both the 

inlet and outlet of the biofilter (Devos et al., 1990). The presence of aldehydes in the inlet and 

outlet are indicative of biodegradation activity. Aldehydes are formed during lipolysis when 

lipids are broken down into fatty acids that are then further biodegraded into aldehydes through 

biochemical reactions of organisms. Aldehydes can also be formed during proteolysis when 

proteins are degraded into amino acids which go through alpha-keto acids into several 

compounds including aldehydes (McSweeney, 2004). A sampling difficulty with the aldehydes 

occurred in the morning in August and in March as a result of the dew point and rain, 

respectively. The excessive moisture caused dripping into the lines following the sorbent tube 

and decreased concentrations of aldehydes detected due to losses. Regardless, it appears that 

aldehydes are not a contributor to the odors found at Lake Wildwood WWTP. Carboxylic Acid 

analysis was performed in March 2012, but all chemicals were below detection limits thus it was 

not pursued on future sampling trips. This data is consistent with the OPM data in Tables 3-2 and 

3-3 where sweet odors characteristic of aldehydes and rancid odors typical of carboxylic acids 

were not observed. 
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Table 3-7: Results of Aldehyde Analysis for March 2012 

Aldehydes: March 27, 2012, Morning 
Compound Odor In 

(ppbV) 
Out 
(ppbV) 

Odor Threshold 
(ppbV) 

MDLc 
(ppbV) 

Acetaldehyde Sweet 
Fruity 

0.83 4.3 190a 0.56 

n-Hexaldehyde Green 0.38 0.37 14b 0.25 
2,5-
Dimethylbenzaldehyde 

Almond-
Like 

<MDL 0.22 Unknown 0.18 

Aldehydes: March 27, 2012, Afternoon 
Acetaldehyde Sweet 

Fruity 
0.68 4.2 190a 0.56 

n-Hexaldehyde Green 0.3 <MDL 14b 0.25 
2,5-
Dimethylbenzaldehyde 

Almond-
Like 

<MDL 0.32 Unknown 0.18 

a Odor Thresholds from (Cheremisinoff, 1992)  
b Odor Thresholds from (Van Langenhove et al., 1982) 
c MDL = Method Detection Limit 
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Table 3-8: Results of Aldehyde Analysis for August 2012  

Aldehydes: August 28, 2012, Afternoon 
Compound Odor In 

(ppbV) 
Out 
(ppbV) 

Odor Threshold 
(ppbV) 

MDLd 
(ppbV) 

Formaldehyde Pungent 36 60 870a 0.81 
Acetaldehyde Sweet 

Fruity 
6 6.2 190a 0.56 

Propionaldehyde Sweet 
Ester 

1 0.92 9.3c 0.42 

Butyraldehyde Sweet 0.6 0.47 9500c 0.34 
Isovaleraldehyde Aldehyde 0.51 0.54 Unknown 0.28 
Valeraldehyde Pungent 0.42 0.68 28c 0.28 
n-Hexaldehyde Green 1.7 1.1 14b 0.25 
2,5-
Dimethylbenzaldehyde 

Almond-
Like 

<MDL 0.2 Unknown 0.18 

Aldehydes: August 29, 2012, Morning 
Formaldehyde Pungent 1.2 12 870a 0.81 
Acetaldehyde Sweet 

Fruity 
<MDL 4.5 190a 0.56 

Valeraldehyde Pungent <MDL 0.39 28c 0.28 
n-Hexaldehyde Green <MDL 0.37 14b 0.25 
a Odor Thresholds from (Cheremisinoff, 1992) 
b Odor Thresholds from (Van Langenhove et al., 1982) 
c Odor Thresholds from (Rosenfeld et al., 2007) 
d MDL = Method Detection Limit 
 

D.4. GC-MS and GC-Sniff Sampling 

 

Analyses were also performed at UCLA using GC-MS and GC-Sniff to further evaluate 

the OPM analyses, i.e. look for sulfur odors and fecal odors and to try to identify them, confirm 

the contract laboratory quantitative analysis, and to search for the presence of other volatile 

compounds. The GC-Sniff was performed to better define the odor profile of the biofilter 

influent and effluent and to help identify unknown peaks from the GC-MS.  Odors are a clue to 

help understand the MS library search results. Figures 3-6 and Figure 3-7 show the 

chromatograms from the GC-MS of an inlet and outlet sample taken from the biofilter in the 
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morning of August 29, 2012 during the time where most peaks of interest elute. It can clearly be 

seen that the inlet sample has a many more peaks than the outlet sample which is similar to a 

blank. Three notable peaks were quantified: DMS at 19.7 ppb (8.2x), DMDS at 5.6 ppb, (odor 

threshold = 2.2 ppb, 2.5x) and DMTS at 5.8 ppb (odor threshold = 1.2 ppb, 4.8x) (Nagata).  

These compounds would contribute to the rotten vegetable odors detected but are not primary 

odorants as their relative intensity is much less than hydrogen sulfide or methyl mercaptan (see 

Tables 3-4, 3-5, and 3-6). There were some tentatively identified aldehydes and ketones found on 

the GC-MS in the inlet sample and some in the outlet sample that was in accordance with the 

quantitative aldehyde analyses. Regardless, these compounds appeared to be below their odor 

thresholds as the GC-MS peaks were quite small and there were not odors of aldehyde or ketone 

character observed from the GC-Sniff. Fecal odors were not observed from the GC-Sniff and 

Indole and Skatole were not detected on the GC-MS based upon retention times of standards. 

This indicates that the fecal odors may be a result of an unknown fecal compound, or that the 

analytical methods for analyzing Indole and Skatole are not suitable for analyzing the 

concentrations found in this sampling, or that odor panelists are incorrectly naming odors as 

fecal. The chemical cause of the fecal odor needs further investigation. 

The GC-MS detected very low ppb levels of Toluene, Ethyl Benzene, o-Xylene, m-

Xylene, and p-Xylene in the samples, but the concentration of these aromatics was only slightly 

above the background level found in a blank bag. While these type of VOCs are typical of those 

found at WWTPs, the concentrations were not of concern from a health perspective (Leson and 

Winer, 1991). No other VOCs were observed confirming that the plant was not receiving 

industrial wastes. 
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Figure 3-8 shows the GC-Sniff results from an inlet sample from August 2012. All outlet 

samples had no odors on the GC-Sniff. The inlet sample had rotten egg, roasted garlic, and rotten 

garlic odors. The garlic odor peak at 34.3 minutes is believed to be associated with Dimethyl 

Trisulfide based on standards run. One of the sulfur odors at the beginning is most likely Methyl 

Mercaptan which is too volatile to be detected using the GC-MS, but can be sniffed. While rotten 

egg is not the odor descriptor commonly associated with Methyl Mercaptan, it is in the same 

family of compounds as rotten cabbage. The additional garlic odors towards the end of the run 

are mostly likely associated with higher molecular weight sulfide compounds. Generally, the 

GC-MS analysis provided important additional information such as the presence of DMDS and 

DMTS as well as the presence of additional sulfide compounds discovered via the GC-Sniff. 

These compounds are apparently enhancing the rotten vegetable odors observed by OPM 

analysis (Tables 3-2 and 3-3) In September 2013, samples were also collected for GC-MS. GC-

Sniff once again found the presence of Dimethyl Trisulfide but concentrations were below 

quantitation limits on GC-MS. 

 

 

Figure 3-6: GC Chromatogram for Inlet Sample from Morning of August 29, 2012 
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Figure 3-7: GC-MS Chromatogram for Outlet Sample from Morning of August 29, 2012  

 

 

Figure 3-8: GC-Sniff Chromatogram for Inlet Sample from Morning of August 29, 2012 
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D.5. Water Sampling 

 

In August 2012 and September 2013, some water measurements were performed 

including pH, conductivity, dissolved oxygen, and alkalinity measurements (see Table 3-9). The 

biofilter has Oyster shells for the first stage and Mussel shells for the second stage. One aim of 

the sampling project was to examine claims of neutrality in seashell biofilters. Small amounts of 

water collect inside the shells in the biofilter; the pH of this water was measured with pH paper 

and found to be between 6 and 6.5 in both stages of the biofilter indicating neutrality locally at 

the sites of the biofilm growth on the shells. In August 2012, the pH of the Oyster shell 

recirculating water was found to be 3.23 because the flush water being added to the recirculating 

water was insufficient at the time. The pH of the Oyster side recirculating tank was later brought 

to neutrality, as shown in the September 2013 measurement of 7.49, by a plant operator who 

added between 7.6 and 38 liters per minute (2 to 10 gallons per minute) of flush water to the 

recirculating tank itself. While the flow rates of air and water remained the same in the biofilter 

unit, this additional makeup water added to the recirculating tank (previously 3.8 liters per 

minute were added to maintain levels against evaporation) allowed for a neutral range pH. This 

indicates that the additional buffering capacity provided by the flush water neutralized the acid. 

The flush water was added from September 2012 and neutrality of the recirculating water has 

since been maintained. The pH in the Mussel side was near neutrality during both samplings. 

The neutral pH at the seashells themselves should enable the growth of neutral organisms in 

those biofilms, but organisms carried off in the recirculating water may not be able to inhabit the 

acidic recirculating water. It is important to control the pH of the recirculating water to ensure 

that the microorganisms in the biofilter do not eventually die off due to acidic pH. Neutral pH 
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shows potential for continuous growth of organisms that have been observed in sulfide removing 

biofilters that have experienced performance declines with acid accumulation. All chemical 

analyses carried out point toward the seashell biofilter as efficient at removing odorous sulfur 

compounds following several years of operation. 

The conductivity of the first stage, with Oyster shells, recirculating water was 

consistently higher than that of the Mussel water. This can be interpreted that most of the 

chemical oxidation and biodegradation activity takes place in the first stage of the biofilter. 

Additionally, the conductivity of the water was significantly reduced in September 2013 possibly 

as a result of additional flush water or reduced inlet loadings (see Tables 3-4, 3-5 and 3-6). The 

dissolved oxygen measurements in the recirculating water indicate that the biofilter is an aerobic 

environment. Dissolved oxygen levels of 6.9 and 8.28 mg/L are near oxygen saturation levels for 

water at room temperature. The alkalinity levels measured in September 2013 show that the 

Mussel stage has nearly 3.5 times the alkalinity as the Oyster stage as mg/L of CaCO3. As the 

conductivity measurements, the reduced alkalinity of the Oyster stage is indicative of a lower pH 

compared to the Mussel stage due to greater acid production as result of higher biological 

activity taking place and thus reduced buffering capacity of the recirculating water. The hardness 

measurements indicate that the water is very hard and hard in the Oyster and Mussel stages, 

respectively based upon the United States Geological Survey scale of water hardness. This is in 

line with more biodegradation taking place in the first stage of the filter and hence more calcium 

being leached from the shells as the calcium carbonate buffers the sulfuric acid. All water 

sampling data indicates that greater biological activity takes place in the Oyster stage of the 

biofilter.  
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Table 3-9: Results of Water Measurements for August 2012 and September 2013 

Measurement Sampling Date Oyster Recirculating Water Mussel Recirculating Water 
pH August 2012 3.23 pH 7.65 pH 
  September 2013 7.49 pH 8.23 pH 
Conductivity August 2012 3850 uS/cm 2740 uS/cm 
  September 2013 756 uS/cm 545 uS/cm 
Dissolved Oxygen September 2013 6.90 mg/L 8.28 mg/L 
Alkalinity September 2013 40.4 mg/L as CaCO3 134 mg/L as CaCO3 
Total Hardness September 2013 213 mg/L as CaCO3 130 mg/L as CaCO3 
 

E. Conclusions 

 

The seashell biofilter at Lake Wildwood WWTP appears to be quite successful at 

removing odorous sulfur compounds to a level of greater than 99%. This reduction finds the 

odorous compounds below their odor thresholds. Sampling at Lake Wildwood in March 2012, 

August 2012, and September 2013 to explore the biofilter’s ability to treat odors and other 

volatile organic compounds found that the predominant odorous compounds were Hydrogen 

Sulfide (rotten eggs), Methyl Mercaptan (rotten vegetable), and Dimethyl Sulfide (rotten 

vegetable). GC-MS and GC-Sniff analysis indicated the presence of Dimethyl Disulfide (rotten 

vegetable) and Dimethyl Trisulfide (rotten garlic) as well as the possibility of additional sulfides. 

Daily spikes in the Hydrogen Sulfide concentration were observed during the hours slightly 

following when residents awake in the morning and when they return home for the evening. 

Seasonal differences in H2S concentrations showed higher levels in the summer (18 ppm 

average) compared to the spring (10 ppm average). 

This paper addresses new findings that have not been reported before for seashell 

biofilters about sulfides and other odorants. The OPM indicated the presence of sulfides (rotten 
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egg and rotten vegetable) in the biofilter inlet samples while the outlet samples had mainly odors 

characteristic of a blank bag (phenol, plastic, glue, etc). The chemical nature of the fecal odors in 

some inlet samples was not able to be defined by GC-MS or GC-Sniff systems used. Further 

work is needed to define the chemical nature of these odors. OPM measurements by odor panels 

were confirmed by the results of GC-MS, GC-Sniff and specific chemical analyses.  

The use of the odor profile method provides additional information over other odor panel 

measurements as it can be understood if the appropriate chemical analyses have been selected in 

order to measure the concentrations of compounds responsible for the odors. Were the biofilter 

not functioning to remove greater than 99% of odorous compounds, OPM would help understand 

which compounds were still causing a nuisance. Hydrogen Sulfide and Methyl Mercaptan had a 

similar relative strength (25x to 1000x and 30x to 650x, respectively) indicating that both 

compounds present a probable nuisance. Dimethyl sulfide had a much lower relative strength 

(3.8x to 12x) indicating that it is probably a lesser nuisance at the WWTP. However, GC-MS and 

GC-Sniff analyses provided important additional information that DMDS, DMTS, and the 

probable presence of additional sulfide compounds are apparently enhancing the rotten vegetable 

odors observed by the Odor Profile Method.  

Odorous, aldehydes were all found at levels well below their odor threshold 

concentrations in both the inlet and outlet of the biofilter. The presence of aldehydes in the inlet 

and outlet are indicative of biodegradation activity of the microbes within the biofilter. Organic 

acids were not found above their detection limit in the inlet or outlet of the biofilter. This data is 

consistent with the odor profile data where sweet odors characteristic of aldehydes and rancid 

odors typical of carboxylic acids were not observed. Very minimal concentrations of aromatics 

were detected corresponding to the lack of industrial waste treated at the plant.  
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The pH of the biofilter was found to be near neutral when correct levels of flush water 

were used, however maintenance and monitoring of the biofilter is necessary to achieve neutral 

pH. The seashells appear to be limited in their ability to correct the pH in the biofilter 

recirculating water. This biofilter may be able to support neutral pH organisms that have not 

been previously observed to inhabit other types of biofilters if the biofilter is controlled. A 

neutral pH is promising for organisms that have been observed in sulfide removing biofilters that 

have experienced performance declines with acid accumulation such as Hyphomicrobium 

species. The organisms found in the Lake Wildwood Biofilter are discussed in Chapter 4. Other 

water sampling indicated that more biological activity takes place in the first stage of the biofilter 

(Oyster shells) and that the biofilter is an aerobic environment. All measurements performed 

indicate that the seashell biofilter is efficient at removing of odorous sulfur compounds following 

several years of operation. Future microbiological investigations as well as laboratory based 

studies hope to understand the biofilm communities and allow for a more efficient assessment of 

operating parameters that can be applied to optimize the function of seashell biofilters. 
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Chapter IV 

 

Community Analysis and Sequencing of the Microbiological Communities of a Seashell 

Biofilter 

 

A. Abstract 

 

Biofiltration is a technology for air pollution control that is often used for removal of 

odorous and hazardous off gases from Wastewater Treatment Plants (WWTPs). The community 

of organisms found growing in a biofilter at a WWTP is of great interest because better 

understanding of this community may provide guidance for increased performance of the 

biofilter. Microbial community analysis was performed for a seashell biofilter at Lake Wildwood 

WWTP. Total bacterial (16S rRNA) community compositions were evaluated for their 

relationship to seasonal variability and for differences between the two stages of the biofilter 

through community analysis using terminal restriction fragment length polymorphism (TRFLP) 

and bacterial sequencing. TRFLP results indicated good repeatability in triplicate samples and 

changes in the community throughout time.  

Hyphomicrobium and Thiobacillus species are heavily present in the community in both 

the oyster and mussel sides of the biofitler. The changes in the percentages of these communities 

with time seem to be affected by changes in the pH of the recirculating water, however, the 

biofilter supported a community capable of 99% or greater removal efficiency of sulfide 

compounds regardless of pH. The dual stage nature of the biofilter with independent 
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recirculating water allowed for different communities to be supported in the two stages which 

may explain the sustained removal efficiency.  

 

Keywords: biofilter, community analysis, bacterial sequencing, odor control, seashell 

biofilter, terminal restriction fragment length polymorphism (TRFLP) 

 

B. Introduction 

 

Odorous and hazardous volatile organic compounds (VOCs) are released into the 

environment from natural biodegradation and anthropogenic sources including waste treatment 

operations such as composting, sludge drying, and wastewater treatment (Higgins et al., 2008; 

Jones et al., 2005). Wastewater treatment plants have a great need to control the release of 

odorous compounds, such as reduced sulfides, into the surrounding residential communities 

(Suffet et al., 2004). Biofilters have seen increasing use as an odor control technology at WWTPs 

in the last several decades as they are a fairly low cost and successful technology without 

hazardous waste production (Iranpour et al., 2005; Lebrero et al., 2011; Lith et al., 1997). A 

biofilter consists of a bed of media with microbes immobilized on the media surface. Polluted air 

that contains odorous chemicals and hazardous VOCs is passed through the bed and partitions 

into the biofilm where the microorganisms biodegrade the compounds to carbon dioxide, water, 

biomass, and salts/acids. Biofilms are formed when microorganism communities accumulate on 

a surface and grow together in a matrix of extracellular polymeric substance (EPS). EPS is 

composed of extracellular DNA, proteins and polysaccharides. Biofilms range from tens of µm 
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in thickness to greater than 1 cm, but few studies have actually measured biofilm thickness in 

biofilters (Cercado et al., 2012; Pineda et al., 2000). 

Most biofilters operate aerobically and consist of an organic media bed of a material such 

as compost or peat. These biofilters typically achieve high removal efficiencies for reduced 

sulfide compounds however sulfuric acid accumulation is a common problem. The 

biodegradation of most reduced sulfides results in sulfuric acid production. The resulting pH 

drop in the filter media is often accompanied by a decrease in the removal efficiency of the 

biofilter (Carlson and Leiser, 1966; Jones et al., 2005; Smet et al., 1996). Organisms commonly 

found in biofilters eliminating hydrogen sulfide include Thiobacillus thioparus (pH tolerance 

4.5-7.8), Hyphomicrobium (pH tolerance 6.0-9.5), Thiobacillus thiooxidans (pH tolerance 0.5-

6.0) (Bergey et al., 1974). Clearly, depending on the organisms inhabiting the biofilter 

community, sulfuric acid accumulation may cause many bacterial species to die off or experience 

a reduction in biodegradation ability. Systems degrading compounds other than hydrogen sulfide 

have typically experienced rapid declines in efficiency at below neutral pH. This is thought to be 

in part because many of the microorganisms involved in degradation of organic sulfides and 

VOCs are not tolerant of acid pH unlike some of those degrading hydrogen sulfide (Iranpour et 

al., 2005; Kennes and Thalasso, 1998; Smet et al., 1996; Smet et al., 1993). Hyphomicrobium sp. 

can degrade hydrogen sulfide and dimethyl sulfide, but as shown above, are not tolerant of acidic 

pH environments.   

 In 1994, Bord na Mόna (Newbridge, Ireland) developed an innovative seashell media 

biofiltration system known as Mόnashell. The use of seashells as biofilter media is thought to 

permit maintenance of a neutral pH during operation under aerobic conditions while removing 

odorous compounds such as reduced sulfides (Kouyoumjian and Saliba, 2006; Smet et al., 1996). 
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The calcium carbonate in the seashells should buffer the sulfuric acid produced from 

biodegradation resulting in pH control of the system. The system has been shown to be capable 

of treating high levels of hydrogen sulfide successfully and organic sulfides such as methyl 

mercaptan and dimethyl sulfide with mixed results (Naples, 2010; Torretta et al., 2013; Van 

Durme et al., 2010). Microbiological investigations of these types of biofilters have not been 

performed. Understanding the microorganism community of a biofilter allows for optimization 

of nutrients and other parameters such as pH therein permitting control of the system that leads 

to better performance. Future biofilters can be seeded using the types of organisms found in well 

performing biofilters resulting in a reduced acclimation period during start up of a new system 

and more successful long-term performance if appropriate conditions are maintained to 

accommodate the microbes. 

A seashell biofilter located at Lake Wildwood WWTP in Penn Valley, CA was sampled 

in March 2012, August 2012, and September 2013. The first stage of the biofilter contained 

oyster shells and the second stage contained mussel shells. The field study determined that the 

major compounds found (hydrogen sulfide, methyl mercaptan, and dimethyl sulfide) were 

effectively removed at greater than 99% regardless of inlet loading which was the highest in 

August 2012. The pH was found to be 3.23 in the oyster stage recirculating water and 7.65 in the 

mussel stage recirculating water in August 2012. In September 2013, when correct amounts of 

makeup water were used in the recirculating tanks, the pH of the recirculating water was 7.49 in 

the oyster stage of the biofilter and 8.23 in the mussel stage. Based upon parameters such as 

conductivity, hardness, and alkalinity, it appears that the majority of the biodegradation activity 

takes places in the first stage of the biofilter. The recirculating water was heavily oxygenated in 

both stages indicating an aerobic system (Table 4-1). 
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Table 4-1: Results of the Recirculating Water Sampling for the Lake Wildwood Biofilter 

Measurement Date Oyster	  Recirculating	  Water Mussel	  Recirculating	  Water
pH August	  2012 3.23	  pH 7.65	  pH

September	  2013 7.49	  pH 8.23	  pH
Conductivity August	  2012 3850	  uS/cm 2740	  uS/cm

September	  2013 756	  uS/cm 545	  uS/cm
Dissolved	  Oxygen September	  2013 6.90	  mg/L 8.28	  mg/L
Alkalinity September	  2013 40.4	  mg/L	  as	  CaCO3 134	  mg/L	  as	  CaCO3

Total	  Hardness September	  2013 213	  mg/L	  as	  CaCO3 130	  mg/L	  as	  CaCO3  

  

The objective of this study was to evaluate the microorganism community in both stages 

of the seashell biofilter over time. To investigate the community, terminal restriction fragment 

length polymorphism (TRFLP) and bacterial sequencing were used. The Mόnashell biofilters are 

seeded at startup with organisms and nutrients, but it is unknown if there are changes to the 

microorganism community over time and if there are differences in the community between 

stages of the biofilter. The neutrality of the biofilter should allow for the consistent growth of 

many organism types rather than just acidophiles. Community analysis was performed to 

examine differences in the communities depending on the time of year the seashells were taken 

and which stage of the biofilter they were taken from (oyster stage or mussel stage). The time of 

year is thought to be important, as odors are more intense in may be more intense in summer 

months, which may affect the community composition. Total community compositions were 

examined based upon the 16S rRNA gene using TRFLP to evaluate the similarity between 

community compositions in different samples. The complete communities of the seashells were 

also sequenced to approximately genus level using MiSeq, a high throughput sequencing 

technology. A hyper-variable region of the 16S rRNA was used for sequencing. The two slightly 
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redundant techniques were used to attempt to strengthen the results of the community analysis. 

The information gained from these analyses should lead to a better understanding of the types of 

bacteria present in biofilters located at WWTPs overtime and the changes in the communities.  

 

C. Methods and Materials 

 

C.1. Lake Wildwood Wastewater Treatment Plant 

 

Lake Wildwood WWTP is in located in Penn Valley, CA. Most waste received by Lake 

Wildwood is “young sewage” (less than a day) from the surrounding community. Raw 

wastewater is screened at the headworks and then flows to the Equalization (EQ) tank, which is 

an anaerobic storage tank whose air is sent to the biofilter. Water flows from the EQ basin to the 

anoxic denitrification tank. Following this step is pre-aeration and an oxidation ditch. The flow 

from this stage goes to a clarifier with return activated sludge. In the next stage, colloids are 

removed and a chlorine contact basin follows. Water is then dechlorinated using sulfur dioxide 

and released to the nearby river. An old picture of a schematic of Lake Wildwood WWTP is 

shown in Figure 4-1. Locations of the biofilter (not pictured) and the EQ basin (originally 

uncovered in picture) are indicated. The Mónashell biofilter (Bord na Móna, Newbridge, Ireland) 

is shown in Figure 4-2. The biofilter has oyster shells for the first stage and mussel shells for the 

second stage.  The airflow rate is 1000 ft3/min. Air enters at the bottom of the first stage and 

flows upwards and then it flows downward through the second stage where it exits to stack at the 

bottom of the second stage.  The water recirculation flow rate throughout the biofilter is 10-20 

gallons/min. The biofilter was seeded once only at the startup of the biofilter with proprietary 
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nutrients and organisms from Bord na Móna (Newbridge, Ireland) that were supplied with the 

unit.  

 

 

Figure 4-1: Schematic of Lake Wildwood WWTP before Biofilter Installation 

 

C.2. Seashell Sampling 

 

The Seashell Biofilter is pictured in Figure 4-2. Sampling sites are indicated for the 

oyster shells removed from stage 1 (effectively the bottom of the filter based on airflow) and the 

mussel shells removed from stage 2 (the top of the filter), respectively. Oyster shells were taken 

from stage 1 for analysis on March 27, 2012. On August 29, 2012 and September 4, 2013, oyster 

shells were taken from stage 1 and mussel shells were removed from stage 2. The shells were 
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placed into ziplock plastic bags and were transported from the field in a cooler with ice packs 

until they could be frozen in a -80 ºC freezer for later analysis.  

 

 

Figure 4-2: The Mónashell Biofilter located at Like Wildwood WWTP 

 

C.3. Biofilm Extraction Method 

 

Biofilms were extracted from oyster shells from March 2012 using a variety of methods 

including: scrapping with a paint scrapper into deionized water, phosphate buffered saline, and 
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Tris-EDTA (TE) buffer; boiling for 30 minutes in deionized water, phosphate buffered saline, 

and Tris-EDTA buffer; sonication for 3 minutes, 6 minutes, and 3 minutes with alternating 1 

minute of sonication followed by 1 minute of rest, respectively in TE; and hammering followed 

by sonication using the same variety of sonication protocols in TE. After shells were extracted 

they were processed for TRFLP using the community analysis procedure discussed below. 

Results of TRFLP analysis allowed for determination of the simplest biofilm extraction method 

that gave repeatable results of good quality. As discussed in the results section, scrapping the 

shells in TE was found to be the best biofilm extraction method.  

 

C.4. TRFLP Community Analysis 

 

The total bacterial community was profiled via terminal restriction fragment length 

polymorphisms (TRFLP) as by LaMontagne et al., 2004 (LaMontagne et al., 2004) at the 

Southern California Coastal Water Research Project (SSCWRP) in Coasta Mesa, California. 

Seashells were extracted using scraping in TE Buffer. Buffer solution containing the removed 

biofilm was then centrifuged for 30 minutes at 900 rcf and the pellet was then processed using a 

Generite DNA-EZ Extraction Kit (Generite, North Brunswick, NJ) following the manufacturer’s 

protocol with the modification of elution in sterile DI water. Extracted DNA was checked for 

quality using A260/280 and A260/230 spectrophotometry on the NanoDrop (NanoDrop Products, 

Wilmington, DE). For profiling of the total bacterial community, genes encoding 16S rRNA 

were polymerase chain reaction (PCR) amplified by using universal eubacterial primers 8F hex 

(fluorescently labeled forward primer; 5’AGAGTTTGATCCTGGCTCAG) (Liu et al., 1997) and 

1389R (5’ACGGGCGGTGTGTACAAG) (Nubel et al., 1997) from Operon (Eurofins MWG 
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Operon, Huntsville, AL). PCR was performed using the QIAGEN Taq PCR Core Kit (QIAGEN, 

Valencia, CA) on a Bio-Rad Thermocycler (Hercules, California). PCR products were checked 

for amplification using FlashGel 16+1 double tier cassettes (Lonza, Rockland, ME). PCR 

products were purified using QIAquick PCR Purification Kit (QIAGEN, Valencia, CA) 

following the manufacturer’s instructions with the modification of elution using 35µL of 0.1x 

Elution Buffer. Nanodrop was once again performed on the purified products to check DNA 

concentration and quality. Purified PCR products were then digested using either HhaI (37ºC for 

16 hours) or MspI (37ºC for 4 hours) in two separate digestions (Engebretson and Moyer, 2003). 

The restriction enzymes were then inactivated, HhaI by heating at 65°C for 20 min and MspI by 

immediate desalting. Desalting was performed using the QIAquick Nucleotide Removal Kit 

(QIAGEN, Valencia, CA) following the manufacturer’s protocol with the modification of 50µL 

of Elution Buffer. The lengths and quantities of fluorescently labeled terminal restriction 

fragments (TRFs) were determined with an Applied Biosystems Instruments (ABI; Foster City, 

CA) model 3730 automated sequencer using capillary electrophoresis performed by Michigan 

State University. 

The procedure followed is similar to the protocol in Cao et al., 2008 (Cao et al., 2008). 

Data from HhaI and MspI digestions were process seperately. Data analyses using relative 

abundances of TRFs (i.e., normalized to the total fluorescence peak height) will be conducted for 

comparison. The TFRs were downloaded via Peak Scanner version 2.0 (Life Technologies, 

Grand Island, NY). The TRFs were aligned using the crosstab macro written by Dr. C. Walsh 

(http://www.wsc.monash.edu.au/~cwalsh/treeflap.xls).  After alignment, two multivariate 

datasets (one for each of the two restriction enzymes HhaI and MspI, with samples as rows and 

relative abundance of TRFs as columns) were generated. TRFs below 30 and above 900 were 
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eliminated. Two multivariate statistical methods were selected based on their model assumptions 

and results presentation to analyze the aligned TRFLP data. Detrended correspondence analysis 

(DCA) and nonmetric multidimensional scaling (NMDS) will be performed in CANOCO 

version 4.5 (Microcomputer Power, Ithaca, NY) and Primer version 6 (PRIMER-E Ltd., 

Plymouth, U.K.), respectively. Selection of DCA over other similar ordination techniques with 

graphical presentation is discussed elsewhere (Cao et al., 2011). Cluster analysis was not used 

because it forces grouping of samples together unlike NMDS and DCA (Clarke and Warwick). 

NMDS results are usually presented in two-dimensional plots, where samples are positioned 

according to the ranked dissimilarity between their TRFLP profiles. NMDS has no model 

assumptions. The use of two different techniques helps confirm findings so DCA was also used 

to provide a quantative insight into the TRFLP results. DCA results are shown as two-

dimensional plots where samples are positioned according to the dissimilarity between their 

TRFLP profiles. Samples closer to each other on the plot have more similar microbial 

communities than the more distant samples. The axes are measured in standard deviation (SD) 

units, which indicate how quickly the different TRFs appear and vanish along the axes. The 

percentage of the total variability explained by each DCA axis will be indicated on the DCA 

plot.  

 

C.5. Community Sequencing 

 

The same samples that were used for TRFLP analysis were sequenced by the sequencing 

protocol detailed in this paragraph was used following biofilm removal, DNA extraction, and 

Nanodrop for DNA quantitation as detailed in the TRFLP Community Analysis section above. 
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Samples were PCR amplified to the Variable 4 (V4) region of the 16S rRNA gene in triplicate 

using individually barcoded reverse primers 806R 

(5’CAAGCAGAAGACGGCATACGAGATXXXXXXXXXXXXAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT) and 515 F 

(5’AATGATACGGCGACCACCGAGATCTACACTATGGTAATTGTGTGCCAGCMGCCGC

GGTAA) with 5 Prime Hot Master Mix (5 PRIME, Gaithersburg, MD). The use of the V4 region 

is desirable because there are less likely to be errors in sequence stitching due to the shorter 

sequence length. The PCR protocol is 94ºC for 3 minutes, then 35 cycles of 45s at 94ºC followed 

by 50ºC for 60s and 72ºC for 90s, and finally 10 minutes at 72ºC on a Bio-Rad Thermocycler 

(Hercules, California). PCR products were checked for amplification using FlashGel 16+1 

double tier cassettes (Lonza, Rockland, ME). Samples that showed proper amplification were 

pooled together and purified using an Agencourt AMpure XP PCR Purification kit (Beckman 

Coulter, Brea, CA) on a Biomek NK Robot (Beckman Coulter, Brea, CA). Following 

purification, DNA products were quantitated using the Quant-iT DNA Assay High Sensitivity 

Kit (Invitrogen, Grand Island, NY) on the [need name of instrument]. Sequencing was run on 

MiSeq (Illumina, San Diego, CA) at Laragen in Culver City.  

Sequence data were trimmed to improve quality using the Trimmomatic program v.0.32 

(Bolger et al., 2014). The sequences were joined, processed, and analyzed using the MOTHUR 

v.133.3 (Schloss et al., 2009). Paired sequences which overlapped after quality trimming were 

joined, binned according to barcode sequences, processed to improve quality, and clustered into 

OTUs according to the MOTHUR MiSeq SOP (Kozich et al., 2013). Sequences containing an 

average quality score of <15, a length less than 250bp or more than 291bp, ambiguous bases, and 

homopolymers >8bp were removed. Sequences were clustered to within a 2bp difference. 
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Chimeric sequences were removed from using the de novo algorithm in the UCHIME program 

within the MOTHUR program (Edgar et al., 2011). The sequencing error was 1.03% initially and 

was reduced to 0.23% after processing. High quality sequences were clustered into OTUs at the 

>97% sequence similarity level using the SILVA v.102 database (Quast et al., 2013). OTUs 

present in samples at greater than 1% were used to analyze the data with Primer v.6 by nonmetric 

multidimensional scaling (NMDS). OTUs appearing at substantial percentages were examined in 

tables and figures. 

 

D. Results and Discussion 

 

D.1. Biofilm Extraction 

 

Results of TRFLP analysis from the first set of oyster shells, taken in March 2012, were 

used to establish the best extraction procedure for the shells and to examine sample to sample 

variability in the same region of the biofilter. A variety of extraction methods were used as 

detailed in the methods section of this paper including scraping, boiling, sonication and 

sonication with hammering. Boiling produced poor quality DNA following extraction as 

measured on the Nanodrop, and was eliminated as a possible technique. All other extraction 

procedures were carried through to TRFLP analysis. An extraction technique for future samples 

was selected based upon direct comparison of TRFs from TRFLP results. Examination of 

intensity of fragments produced in Peak Scanner showed that the best quality of data was 

obtained using scrapping into TE. This produced the most consistent results while being simple 

to implement (see Figure 4-3 and 4-4). It was determined that shells taken from the same site in 
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the biofilter are very similar and thus while some replicates are needed for consistency, pooling 

of the DNA from a few shells should be adequate to represent the microorganism community in 

that section of the biofilter (see Figure 4-3 and 4-4). This can be understood in the context that 

the positive control has a very different profile than the other three samples that vary mainly in 

intensity rather than peak location. On the basis of these results, all further samples were 

processed by scraping into TE. 

 

 

Figure 4-3: HhaI Direct Comparison of Biofilm Extraction Methods from March 2012 

(x-axis= terminal restriction fragment, y-axis= intensity) 
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Figure 4-4: MspI Direct Comparison of Biofilm Extraction Methods from March 2012  

(x-axis= terminal restriction fragment, y-axis= intensity) 

 

D.2. TRFLP Community Analysis 

 

Following the establishment of the extraction procedure of scrapping in TE, samples 

from March 2012, August 2012, and September 2013 were processed according to the methods 

in this paper for TRFLP. The first letter of the sample name indicates the month (M=March, 

A=August, and S=September, respectively), the second letter of the same name indicates oyster 

(O) or mussel shells (M), and the number indicates the sample number. Nonmetric 

multidimentional scaling (NMDS) analysis presents a way of looking at the dissimilarity 
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between samples based on their TRFLP profiles. Samples that appear closer together in the plots 

have more TRFLPs, and theoretically more bacterial species, in common than samples that are 

farther apart. The stress in Figures 4-5 and 4-6 are 0.09 and 0.11, respectively which indicate that 

the two-dimensional NMDS analysis gives a suitable interpretation of the data (Clarke and 

Warwick). As shown in Figures 4-5 and 4-6, shells were processed from a given time point in 

triplicate. The triplicate samples are more similar to each other than to those from a different 

time point or type of shell.  

In Figures 4-5 and 4-6, the most closely related samples are the oyster shells from 

September 2013 and the mussel shells from September 2013 indicating similarities in the 

microorganism community profiles from those samples. There appear to be differences in 

sampling time, as there is a great deal of dissimilarity between samples from March 2012, 

August 2013, and September 2013. Oyster shell samples from March 2012 and August 2012 are 

more similar to those from September 2013. This can be seen more clearly in the 3-dimensional 

NDMS plot of only the oyster samples  (Figure 4-7). Additional information is minimal in the 

three-dimensional NMDS plot so the two-dimensional figures are shown, as interpretation is 

more straightforward.  

It should be noted that the operator added chlorine to the oyster side of the biofilter in 

early August 2012, which may have affected the community at the end of August when the 

sampling took place. The operator was having a flow issue that he believed was due to clogging 

from biomass growth, but later it was determined to be from precipitation of calcium sulfate due 

to inadequate purging of water from the recirculating water. The same trends can be seen in both 

Figure 4-5 and Figure 4-6 and thus TRFLP profile trends are consistent across different 

restriction enzyme digestion. 
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Figure 4-5: Results of NDMS Analysis in Primer for Field Study Samples using HhaI 

 

 

Figure 4-6: Results of NDMS Analysis in Primer for Field Study Samples using MspI 
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Figure 4-7: Results of NDMS Analysis in Primer for Field Study Oyster Samples using HhaI 

 

 The DCA plots for HhaI and MspI are shown in Figures 4-8 and 4-9. In Figure 4-8, 

21.8% of the variation of the TRFLP profiles is explained by the first axis. As in the NMDS 

plots, AO1 seems to be different than its replicates as indicated by its great distance of nearly 2 

SD units from AO2 and AO3. Other replicate sets are very close together indicating good 

repeatability between triplicate samples. In Figures 4-8, samples from mussel and oyster samples 

from September 2013 are very close together indicating that they have very similar TRFLP 
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profiles as was also seen in the NDMS plots. Once again, oyster shells from March 2012 and 

August 2012 are closer together (<0.5 SD) than to the September 2013 oyster shells indicating 

that the TRFLP profiles are more similar throughout 2012 compared to those in 2013. In Figure 

4-9, 17.5% of the variation of the TRFLP profiles is explained by the first axis. Similar trends are 

seen in Figure 4-9 to those in Figure 4-8. In Figure 4-9, axis 2 explains mainly the differences in 

the TRFLP profile between AO1 and all other samples. In Figure 4-8, neither axis explains 

exclusively sampling time or shell type. The same trends seen in NDMS are seen with DCA 

analysis. 

 

 

Figure 4-8: Results of DCA in CANOCO for Field Study Samples using HhaI 

Total inertia= 3.017, 21.8% of variation explained by the first axis (horizontal), and 9.1% 

explained by the second axis (vertical) 
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Figure 4-9: Results of DCA in CANOCO for Field Study Samples using MspI 

Total inertia= 3.169, 17.5% of variation explained by the first axis (horizontal), and 9.7% 

explained by the second axis (vertical) 

 

D.3. Community Sequencing 

 

Using the same extracted DNA as in TRFLP, all DNA from the oyster and mussel shells 

from Lake Wildwood were PCR amplified using primers to the variable 4 region of the 16S 

rRNA gene. All DNA was then sequenced using MiSeq high throughput sequencing. High 

quality sequences were clustered into operational taxonomic units (OTUs) >97% sequence 

similarity level using the SILVA v.102 database. The SILVA database was selected due the 
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general focus of the large database. Some databases have a focus on pathogenic organisms and 

the majority of the organisms in this study would be expected to be environmental. The objective 

of this portion of the study is to understand the changes in the community over time to the 

approximate genus level of the organisms in the community. 

 The OTUs at the 97% sequence similarity were organized and any OTU appearing at less 

than 1% in the data set of all samples was eliminated to reduce the data set that contained 35915 

OTUs. The remaining OTUs were analyzed using NMDS in Primer with the same conditions as 

for the TRFLP results (Figure 4-10). The duplicate samples for AM4 and AM5 that went through 

the sequencing are very similar as given by their location on top of each other. This shows the 

consistency in the MiSeq method and the handling of the samples. As with TRFLP, triplicate 

samples from each time point were sequenced, as with TRFLP, the similarity between triplicates 

was greater than the similarity between time points or shell type. The trends of similarity 

between time points appear slightly different than those exhibited by TRFLP. The mussel shells 

at different time points appear more similar to each other than to the oyster shells, but there is not 

a clear distinct of similarities in time. There are definitive changes in the community over time as 

the samples have dissimilarity in Figure 4-10.  

 The data set was further reduced, using only those OTUs in the top 10% for each of the 

given samples, to make Figures 4-11 and 4-12 that show the community compositions for oyster 

and mussel shells, respectively. The oyster community was dominated by DNA sequences 

matching chloroplasts (Figure 4-11). This is indicative of algal growth in the recirculating water, 

which is not surprising given the exposed nature of the recirculating tanks which are outside and 

uncovered.  
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Table 4-2 shows the top three identifications by percentage for the oyster communities 

across sampling times. In March 2012, Hyphomicrobium and Thiobacillus species are heavily 

present in the community. There are known sulfide-degrading species in each of these genera 

(De Bont et al., 1981; Oyarzun et al., 2003). The pH of the recirculating water was not measured 

in March. In early August 2012, the operator had bleached the oyster side of the biofilter. The 

community appeared to have reestablished itself by the end of August 2012 as the community is 

quite similar to that of March, but there was considerably less Hyphomicrobium species present. 

This is not surprising given that they are neutrophiles and that the pH of the recirculating water 

at the time was 3.23. The pH of the water residing in the shells themselves was measured with 

pH paper and was found to be between 6-7, so some neutrophilic bacteria living within biofilms 

may have managed to survive the harsh conditions of the recirculating water, but this acidic pH 

certainly affected the community.  

In September 2013, there were very low percentages of Hyphomicrobium and 

Thiobacillus species and the community was heavily dominated by chloroplast OTUs. In 

September 2013, the biofilter was still able to remove compounds with greater than 99% removal 

efficiency, but the inlet loading was much lower than either of the other sampling times. It is 

wondered if the oyster stage would have been able to handle a spike in inlet concentration at that 

time. The pH at the time was 7.49 so it is expected that neutrophilic bacteria would thrive. Other 

predominant genera in the oyster side of the biofilter include: Nitrospira, Micromonosporineae, 

Parvularcula, and Methylocystis. The role of these genera in sulfide oxidation in biofilters is 

unknown.  

  The mussel community was functionally dominated by Thiobacillus species in August 

2012 (Figure 4-12 and Table 4-3). There is also a substantial amount of Hyphomicrobium. The 
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pH of the recirculating water at that time was 7.65, which supports neutrophilic bacteria. It is 

expected that the Thiobacillus species found at this pH are more likely to be Thiobacillus species 

preferring neutral conditions than an organism like Thiobacillus thiooxidans that is an 

acidophile. There was only one Thiobacillus OTU that dominated in the biofilter community, it 

is unknown if this OTU represents a single species within the Thiobacillus genus, or if the 

differences in the sequences of the V4 region of the 16S rRNA gene are such that different 

species of Thiobacillus end up grouped in the same OTU. In September 2013, the community 

was dominated by Parvularcula whose role in sulfide removal is not established in the literature. 

There were considerably less Thiobacillus species in September 2013. This is not surprising 

given the pH of 8.23 in the recirculating water that is like to high to support these organisms. 

There was a considerable proportion of Hyphomicrobium species in September that are likely 

responsible for a great deal of the sulfide removal. Other prevalent genera in the mussel side of 

the biofilter include: Methylophilus, Hydrogenophaga, and Methylibium. The biodegradation 

capability of these genera for reduced sulfide compounds is unknown.  

 The communities of the two stages of the biofilter changed over time. The greatest 

changes experienced by the biofilter were between August 2012 and September 2013. By 

September, there was a large dominance of chloroplast in the community indicating substantial 

algal growth. It is difficult to establish if the predominance of algal species has affect the total 

number of functional sulfide removing bacteria at different times when examining things on a 

percentage basis. It appears that pH of the recirculating water has an affect on the community. 

Figures 4-13 and 4-14 show the percentages of Thiobacillus and Hyphomicrobium given the 

system pH at different times for the oyster stage and mussel stage respectively. Clearly there are 

significantly less Thiobacillus in September than either of the other two time points. The 
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Hyphomicrobium numbers are relatively stable in the mussel stage but dropped off considerably 

in the oyster stage between March and August. The performance of the biofilter was fully 

functional at all times that the biofilter was monitored. 

 While the pH change of the recirculating water did appear that it had an effect on some 

organisms, the functionality of the biofilter remained stable. The local pH on the shells was 

between 6-7 even when the pH of the recirculating water was 3.23 so it may have only somewhat 

affected the community and changes in the community could have been due to other factors. 

Changes in the inlet loading with time, the composition of the inlet air, changes in the organisms 

present in the equalization basis, and accumulation of algae over time are all the types of things 

that can affect the community growing in the biofilter. It is recommended that the pH be 

regularly monitored, and controlled if necessary, and that adequate water be purged from the 

recirculating systems to avoid large fluctuations in pH, calcium sulfate precipitation, and 

accumulation of toxic metals or other compounds that might inhibit growth of desirable 

organisms. While the radical changes in community over time did not appear to affect the 

functionally of the biofilter, this may be due to the dual stage nature. When the oyster stage had 

problems, the mussel stage may have been able to compensate. 
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Figure 4-10: Results of NDMS Analysis in Primer for Field Study Samples using DNA Sequencing OTUs 
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Figure 4-11: Results of DNA Sequencing for Oyster Shells 
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Figure 4-12: Results of DNA Sequencing for Mussel Shells 
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Table 4-2: Predominant Identifications For Oyster Shells 

March Oyster 8 March Oyster 10 March Oyster 12
Betaproteobacteria (Class) 8% Chloroplast (Class) 15% Betaproteobacteria (Class) 18%
Nitrospira 7% Betaproteobacteria (Class) 6% Chloroplast (Class) 16%
Thiobacillus 4% Nitrospira 6% Hyphomicrobium 4%
August Oyster 1 August Oyster 2 August Oyster 3
Bacillus 10% Chloroplast (Class) 22% Chloroplast (Class) 8%
Thiobacillus 7% Thiobacillus 9% Thiobacillus 6%
Micromonosporineae 7% Cytophagaceae (Family) 6% Cytophagaceae (Family) 3%
September Oyster 1 September Oyster 2 September Oyster 3
Chloroplast (Class) 41% Chloroplast (Class) 76% Chloroplast (Class) 64%
Parvularcula 5% Parvularcula 3% Sphingomonadales (Order) 2
Methylocystis 2% Rhizobiales (Order) 1%  

 

Table 4-3: Predominant Identifications For Mussel Shells 

August Mussel 4 August Mussel 4 Duplicate Augsut Mussel 5 August Mussel 5 Duplicate August Mussel 6
Thiobacillus 8% Thiobacillus 10% Thiobacillus 8% Thiobacillus 9% Thiobacillus 26%
Chloroplast (Class) 5% Chloroplast (Class) 5% Methylophilus 7% Methylophilus 7% Methylibium 6%
Parvularcula 4% Parvularcula 3% Hydrogenophaga 7% Hydrogenophaga 8% Parvularcula 6%
September Mussel 1 September Mussel 2 September Mussel 3
Parvularcula 15% Parvularcula 20% Parvularcula 19%
Chloroplast (Class) 14% Sphingomonadales (Order) 5% Chloroplast (Class) 13%
Methylibium 3% Hyphomicrobium 4% Gammaproteobacteria (Class) 4%
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Figure 4-13: Thiobacillus and Hyphomicrobium OTU Trends with pH for Oyster Shells 
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Figure 4-14: Thiobacillus and Hyphomicrobium OTU Trends with pH for Mussel Shells 
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E. Conclusions 

 

The results of the TRFLP analysis indicate that scraping in TE is an adequate method for 

sampling the biofilm growth on seashells. NMDS and DCA yielded similar results. Thus, there 

was a great deal of similarity between sample replicates with the exception of AO1, which 

differed from its sampling replicates. Another particularly important result was the similarity in 

TRFLP profiles for mussel and oyster shells from September 2013. TRFLP profiles from August 

2012 oyster shells and mussel shells were more dissimilar than those from September 2013. This 

most likely is a result of damage to the community as a result of the chlorination of the oyster 

stage of the biofilter. 

Hyphomicrobium and Thiobacillus species are heavily present in the community in both 

the oyster and mussel sides of the biofilter. The changes in the percentages of these communities 

with time seem to be affected by changes in the pH of the recirculating water. The bleaching of 

the biofilter in early August 2012 did not appear to significantly affect the ability of the biofilter 

to have a functional community at the end of August. The low pH of the recirculating water still 

managed to support full removal efficiencies of incoming reduced sulfide compounds in August 

2012. This can be explained given that the pH of the mussel stage was neutral and that side of the 

biofilter was able to support organisms such as Hyphomicrobium species, which can remove 

organic sulfides. It is possible that the first stage of the community was removing the majority of 

the hydrogen sulfide and the second stage the other reduced sulfide compounds. Nitrospira, 

Micromonosporineae, Parvularcula, Methylophilus, Hydrogenophaga, Methylibium, and 

Methylocystis were also found at substantial percentages in the biofilter communities. These 

genera may or may not be involved in the removal of sulfide compounds. The pH changes in the 
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recirculating water clearly affect the composition of the community over time, but regardless, the 

seashell biofilter seems to be capable of supporting microbes that function to remove incoming 

odorous compounds to 99% or greater removal. 

As Thiobacillus and Hyphomicrobium appear to dominate the sulfide removing species of 

the biofilter, it is recommended that conditions be maintained to maximize the growth of both 

genera. The ideal pH to retain both types of genera is probably about 7, though not all 

Thiobacillus species will be supported at that pH. Nutrients should be targeted towards the 

requirements of these species. These are very similar genera to those seen for removing reduced 

sulfide compounds in most biofilters. The desirability of this the seashell biofilter, it’s inherent 

pH control, is seen to have its limits. When the recirculating water conditions are not carefully 

controlled, the buffering capacity of the seashells is not enough to neutralize all of the sulfuric 

acid produced. As was seen the laboratory seashell biofilter, the buffering capacity of the 

seashells has its limits (Chapter 5). If the recirculating water drops in pH, the seashells are not 

enough to recover the pH on their own. In the case of the laboratory system, the system was 

unable to recover organism growth capable of removing sulfide compounds following the pH 

drop. Here, the system retained a population capable of degradation of reduced sulfide 

compounds at all pH values. The biofilter in the field was likely able to reseed itself with 

organisms present in the incoming wastewater whose air was being treated. The performance 

was maintained at all times likely due to the dual stage nature of the biofilter whose second stage 

may have helped maintain performance when the pH dropped in the oyster stage. 
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Chapter V 

 

Laboratory Scale Seashell Biofilter For Removal of Hydrogen Sulfide 

 

A. Abstract  

 

The objective of this laboratory study was to optimize a seashell biofilter. The study 

investigated: seashell media as a biofilter media type, the optimum operating parameters, and the 

microorganism community involved. The study found that hydrogen sulfide removal is mainly 

due to biodegradation rather than physical processes. Only 29.1 ± 3.7 percent was removed prior 

to seeding the biofilter with microorganisms and an average of 97.1 ± 2.9 percent was removed 

following seeding and prior to the decline of the system. Towards the end of week 3, the system 

suffered a serious deterioration in performance that was not restored during the 6 weeks of this 

study. The system appears to be quite sensitive and was unable to recover its performance 

following a decline in performance thought to be attributable at least in part to the introduction of 

large amounts of Millipore water. The removal efficiency drop-off was also accompanied by a 

decline in biomass of the column.  

The microorganism community was examined through DNA sequencing which found 

that the seeding organism was actually a species of Pseudomonas rather than Paracoccus 

denitrificans that was supplied from Bord na Móna. The use of the wrong seeding organism may 

have contributed to the eventual failure of the system as the design was based upon a different 

seeding organism. Over the course of the study, Sphingobacteriaceae species and other 

ubiquitous environmental organisms became dominant during week 3 coinciding with the start of 
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the decline in the performance of the system. Electron microscopy showed the presence of 

diverse bacteria and some type of eukaryotic cells growing in a biofilm. It was found that there 

was not a dominant area of organism growth controlling the column during good performance 

though the bottom tended to have less functional organisms than top or middle. The results of 

this study have established seashell media as a somewhat viable method for treatment of 

hydrogen sulfide but have shown its significant limitations in that one must be very careful not to 

disturb the conditions of the recirculating water or this can lead to unrecoverable performance 

declines. As this was a laboratory system, when the seeding community died off, possibly due to 

the use of Pseudomonas as a seeding culture rather than the intended organism, the biofilter was 

unable to reseed itself with sulfide removing organisms as may have been possible at a 

Wastewater Treatment plant. Additionally, laboratory systems and full-scale operations 

experience some differences due to scaling that may have made the laboratory system more 

sensitive and less able to weather changes. 

 

B. Introduction 

 

Odorous and hazardous volatile organic compounds (VOCs) are released into the 

environment from wastewater treatment (Higgins et al., 2008; Jones et al., 2005). With 

population increases, wastewater treatment plants (WWTPs) are often right next to communities 

which often causes a nuisance to residents (Lebrero et al., 2011; Leson and Winer, 1991). Odor 

types can be characterized based upon an odor wheel (e.g. rancid and rotten cabbage) and the 

odor intensities of each odor character measured based upon an odor intensity scale (Curren, 
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2012). Treatment needs to be established for odorous compounds that have caused a nuisance at 

WWTPs.   

In the last few decades, biofilters have become an increasingly popular treatment device 

for odorous compounds and other VOCs.  Biofilters have many advantages including lower 

operating cost, decreased energy consumption, and reduced by-product pollution production 

(Iranpour et al., 2005; Leson and Winer, 1991). A biofilter consists of a bed of media, typically 

organic such as compost or peat with a bulking agent like vermiculite, and microbes immobilized 

to the bed, which biodegrade the pollutants. 

Biofilters designed to treat hydrogen sulfide and other reduced sulfide compounds are 

known to accumulate sulfuric acid resulting in a pH drop in the filter media which is often 

accompanied by a decrease in the removal efficiency of the biofilter (Carlson and Leiser, 1966; 

Jones et al., 2005; Smet et al., 1996).  Systems degrading compounds other than hydrogen sulfide 

have typically experienced rapid declines in efficiency at below neutral pH. Apparently, 

organisms that degrade hydrogen sulfide are often more acid tolerant. This is thought to be in 

part because many of the microorganisms involved in degradation of organic sulfides and VOCs 

are not tolerant of acid pH. It is important to note that some of organisms, Hyphomicrobium sp. 

(pH tolerance 6.0-9.5) and Pseudomonas acidovorans (pH tolerance 6.0-8.5), are capable of 

degrading hydrogen sulfide and also other reduced sulfides, but are not tolerant of acid pH for 

example (Bergey et al., 1974). Clearly, depending on the organisms inhabiting the biofilter 

community, sulfuric acid accumulation may cause many bacterial species to die off or experience 

a reduction in biodegradation ability. (Iranpour et al., 2005; Smet et al., 1996; Smet et al., 1993). 

Information on which species have been found to be acid tolerant is limited in the literature as 

microbiological investigations are not commonly performed, even after declining performance.  
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The use of seashells as biofilter media theoretically allows for maintenance of a neutral 

pH during the removal of odorous compounds such as reduced sulfides (Kouyoumjian and 

Saliba, 2006; Smet et al., 1996). In 1994, Bord na Mόna created an innovative seashell media 

biofiltration system known as Mόnashell. The Mόnashell system has been demonstrated to be 

capable of treating high levels of hydrogen sulfide by the Bord na Mόna Environmental Products 

U.S. product distributor (Naples, 2010) and at Orange County Utilities by Van Durme et al. 

(2010).  The performance of the seashell biofilter system treating emissions from a mixed sludge 

storage tank at a Greensboro, NC water reclamation facility was reported by Naples (2010). 

Removal of greater than 99% hydrogen sulfide was shown over an extended time period with 

concentrations as high as 376 ppm. Two grab samples showed that methyl mercaptan was 

removed at 100% and 89%, dimethyl sulfide at 83% and 71%, and dimethyl disulfide at 100% 

and 50% without the use of nutrient or chemical addition for pH balancing. While odor analysis 

was conducted, results were not shown thus a picture of the performance can only be understood 

in terms of removal efficiencies. This does not help one to understand how much nuisance would 

be posed to surrounding residences by incompletely removed compounds, some of which are 

above their respective odor thresholds.  

Van Durme et al. (2010) conducted pilot testing of a Monashell System at the Orange 

County Utilities Stillwater Crossing Pump Station, Windermere, Florida. The data showed that 

the pilot system provided over 99 percent H2S removal at inlet concentrations as high as 124.5 

ppm during 8 months of testing. The pilot unit also provided very good odor removal efficiencies 

of over 97% odor by the method of detection threshold (DT) (EN13725). However, the outlet DT 

still shows some odor is not being fully removed, but efforts were not made to attribute this odor 

to particular chemical compounds. Three grab samples at the end of 2, 3 and 5 months of 
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operation and showed over 81% removal of methyl mercaptan. Dimethyl sulfide at 140 ppbV 

showed a 94% removal rate at one time, however when 23 and 33 ppbV of dimethyl sulfide was 

present in the inlet, 0 and 48% removal was observed, respectively. While these studies from 

WEF Proceedings show seashell media to be quite effective, a further operational understanding 

of the seashell biofilter is necessary. For example, claims of pH neutrality, how performance 

changes with time, and inlet loading concentrations. A deeper understanding of the system can 

lead to improvements in performance particularly for removal of reduced sulfide compounds 

other than hydrogen sulfide. Also, the odor character and intensity of the odorants, water quality 

changes in the recirculation system and microbiological investigations have not been performed 

for the biofilter. Research into microorganism communities is extremely important in order to 

optimize operational parameters to ensure the best performance of the biofilters.  

This general objective of this study involves a laboratory scale seashell biofilter designed 

based on Mónashell specifications (Bord na Móna, Newbridge, Ireland) to examine the 

suitability of seashells for treating hydrogen sulfide over time. The microbiological community 

was studied to understand how to optimize the control parameters and maintain successful 

performance. The overall objective of the study was to develop more reliable biofilter 

performance by understanding the fundamentals of hydrogen sulfide removal. Sub objectives 

include: understanding how seashells operate as biofilter media including their limitations; 

evaluating operational parameters; determining which area of the column is dominant in 

controlling the removal efficiency; evaluating changes in the microorganism community 

overtime and establishing the conditions that would lead to the best performance of these 

organisms. 
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C. Methods and Materials  

 

C.1. Engineering of the Biofilter 

 

A laboratory scale seashell media biofilter was engineered at UCLA and evaluated for 

hydrogen sulfide removal for 6 weeks. The biofilter was first used to treat hydrogen sulfide 

without inoculum or nutrient addition to establish the amount of hydrogen sulfide removed 

through means other than biodegradation such as reaction with seashells, oxidation, and 

dissolution into the water. The biofilter was then seeded with organisms and nutrients. It was run 

until a reproducible set of parameters for hydrogen sulfide removal was developed. Operational 

parameters evaluated include: pH, conductivity, alkalinity, and hardness of the recirculating 

water. 

The laboratory biofilter was engineered as shown in Figure 5-1 as per Mónashell 

specifications (Bord na Móna, Newbridge, Ireland) to explore the understanding of the 

Mónashell system at the laboratory scale where it could be carefully controlled and monitored. 

The column was composed of 6-inch (15.2 cm) schedule 40 PVC and was five feet (1.5 m) in 

height. Muscle shells were used throughout the 4-foot (1.2 m) media bed with 6-inches (15.2 cm) 

of space at the top and bottom of the column. Muscle shells with an average weight of 2.61±0.87 

grams, an average length of 5.5±0.6 cm, an average width of 2.7±0.3 cm, and an average surface 

area of 23.2±5.3 cm2 were used in the 22240 cm3 column bed. The shells were supported by a 

polycarbonate sheet with holes drilled evenly throughout that rested on 3 pieces of 2-inch (5.1 

cm) PVC pipe. The porosity of the mussel shells used was 88%. A sprinkler head located in the 

center of the top of the column delivered water at a rate of 6.75-11.5 gallons per hour with an 
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average of 8.9 gallons per hour (0.56 L/min). Approximately 15 L of water was re-circulated 

from a sealed 20 L Nalgene carboy. Three 2-inch (5.1 cm) shell removal ports were installed 

along the column in the top (1 foot (0.3 m) from the top), middle (2.4 feet  (0.7 m) from the top), 

and bottom middle (3.8 (1.2 m) feet from the top) so that all three segments could be examined 

for microbiological analysis. Airflow through the column entered at a rate of 2.0 ft3/min (55.7 

L/min) in the top of the column leading to an empty bed residence time of 24 seconds. Airflow 

exited through the large side arm pipe in Figure 5-1. Air and water flow rates are shown in 

(Table 5-1). The system was later covered in foil to prevent light from causing algal growth. 

 

Figure 5-1: UCLA Biofilter 
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Table 5-1: Biofilter Air and Water Flow Rates 

 Air Flow Rate 
(Liters Per Minute) 

Water Flow Rate 
(Gallons Per Hour) 

Average 55.7 8.9 
Range 55.6-56.0 6.8-11.5 
 

The column was seeded at the start of week 1 with water containing 250 g of freeze-dried 

microorganism named as Paracoccus denitificans (Supplied by Bord na Móna, Newbridge, 

Ireland)and 125 g each of nutrients (Casein Peptone Plus and Yeast Extract from Organotechnie, 

La Courneuve, France). Yeast extract made from lysed yeast cells was composed of amino acids, 

DNA bases, B vitamins and peptides. Casein peptone from enzymatically hydrolyzed milk 

protein was composed of peptides, amino acids, and growth factors. The recirculating water was 

replenished with a combination of Millipore purified water and dechlorinated tap water.  

Hydrogen sulfide was generated by dripping sodium sulfide monohydrate at 15 g/L 

(Fisher Scientific,Waltham, MA) into 4L of pH 7.0 buffered Millipore purified water at a rate of 

0.67 L/day. The pH 7.0 buffered water was made by dissolving 130.92 g of sodium phosphate 

dibasic heptahydrate and 37.44 g of potassium phosphate monobasic anhydrous (Fisher 

Scientific,Waltham, MA) into 4L of water. The solutions were changed approximately every 3 

days or if changes were seen in the hydrogen sulfide concentration.  

Details of the hydrogen sulfide system in conjunction with the biofilter setup are detailed 

in Figure 5-2. Air containing hydrogen sulfide was pumped from the water vessel into a mixing 

vessel and then onto the biofilter column. The average concentration of hydrogen sulfide at the 

inlet of the biofilter was 9.4 ppm during weeks 1 to 5. Concentrations were on average 6.2 ppm 

during week 0 while the hydrogen sulfide generating system was being adjusted to achieve the 
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desired concentrations of approximately 10 ppm that are typical of a site at a well functioning 

wastewater treatment plant. 

A hydrogen sulfide alarm was setup to automatically shutdown the flow of hydrogen 

sulfide and other chemicals if a leak was detected. This system used a hydrogen sulfide sensor 

TX-6-HS from Macurco (Aerionics, Round Rock, TX) hooked through two homemade relay 

boxes. The power of all the pumps in the hydrogen sulfide generation system, air pumps, and 

water pumps were hooked to a power strip plugged into the second relay box. The setup can be 

seen in Figures 5-2 and 5-3. 
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Figure 5-2: Diagram of the Hydrogen Sulfide System and UCLA Biofilter	  
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C.2. Chemical Analyses 

 

Hydrogen sulfide was analyzed in line of the inlet and outlet of the biofilter by opening a 

valve to an OdaLog L2 Hydrogen Sulfide Gas Logger (Detection Instruments Corporation, 

Phoenix, Arizona). The hydrogen sulfide accumulated in the headspace above the recirculating 

water was also able to be analyzed by a line to the OdaLog detector. The range of the detector 

was 0 to 50 ppm and the detection limit 0.1ppm. The location of the lines to the detector can be 

seen in Figures 5-2 and 5-3. 

The conductivity, pH, alkalinity, and hardness of the recirculating water were measured 

weekly. Conductivity and pH were measured using an Accumet AP85 (Fisher Scientific, 

Pittsburgh, PA) pH/conductivity meter. Alkalinity and hardness measurements were made 

following Standard Method 2320 for alkalinity and Standard Method 2340 by EDTA Titration, 

respectively. Dissolved oxygen measurements were measured using a YSI 55 Handheld 

Dissolved Oxygen Meter (YSI Inc, Yellow Springs, OH
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Figure 5-3: Hydrogen Sulfide Generation System and Odalog Setup	  
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C.3. Microbiological Analyses 

 

Mussel shells were taken in triplicate from sampling ports: week 0 prior to startup; week 

1 from the top following seeding; week 3 from the top, middle, and bottom; and week 6 from the 

top, middle and bottom. Biofilms were extracted from the mussel shells by scraping with a paint 

scraper into 30 mL of Tris-EDTA (TE) buffer. After biofilms were extracted into TE, the buffer 

solution containing the removed biofilm was then centrifuged for 30 minutes at 900 rcf and the 

pellet was then processed using a Generite DNA-EZ Extraction Kit (Generite, North Brunswick, 

NJ) following the manufacturer’s protocol with the modification of elution in sterile DI water. 

Extracted DNA was checked for quality using A260/280 and A260/230 spectrophotometry on the 

NanoDrop (NanoDrop Products, Wilmington, DE). 

Relative organism counts from the top, middle, and bottom were estimated based upon 

extracted DNA concentration measured using a NanoDrop (NanoDrop Products, Wilmington, 

DE). UV-Vis at 600nm was attempted for biofilms extracted from mussel shells into TE prior to 

centrifugation (in order to provide confirmation of extracted DNA concentrations), however cell 

concentrations were too low for this measurement to be reliable.   

Following measurement of DNA concentrations, samples were PCR amplified in 

triplicate using individually barcoded reverse primers 806R 

(5’CAAGCAGAAGACGGCATACGAGATXXXXXXXXXXXXAGTCAGTCAGCCGGACT

ACHVGGGTWTCTAAT) and 515 F 

(5’AATGATACGGCGACCACCGAGATCTACACTATGGTAATTGTGTGCCAGCMGCCGC

GGTAA) with 5 Prime Hot Master Mix (5 PRIME, Gaithersburg, MD). The PCR protocol used 
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was 94ºC for 3 minutes, then 35 cycles of 45s at 94ºC followed by 50ºC for 60s and 72ºC for 

90s, and finally 10 minutes at 72ºC on a Bio-Rad Thermocycler (Hercules, California). PCR 

products were checked for amplification using FlashGel 16+1 double tier cassettes (Lonza, 

Rockland, ME). Samples that showed proper amplification were pooled together and purified 

using an Agencourt AMpure XP PCR Purification kit (Beckman Coulter, Brea, CA) on a Biomek 

NK Robot (Beckman Coulter, Brea, CA). Following purification, DNA products were 

quantitated using the Quant-iT DNA Assay High Sensitivity Kit (Invitrogen, Grand Island, NY) 

on the [need name of instrument]. Sequencing was run on MiSeq (Illumina, San Diego, CA) at 

Laragen in Culver City.  

Sequence data were trimmed to improve quality using the Trimmomatic program v.0.32 

(Bolger et al., 2014). The sequences were joined, processed, and analyzed using the MOTHUR 

v.133.3 (Schloss et al., 2009). Paired sequences which overlapped after quality trimming were 

joined, binned according to barcode sequences, processed to improve quality, and clustered into 

OTUs according to the MOTHUR MiSeq SOP (Kozich et al., 2013). Sequences containing an 

average quality score of <15, a length less than 250bp or more than 291bp, ambiguous bases, and 

homopolymers >8bp were removed. Sequences were clustered to within a 2bp difference. 

Chimeric sequences were removed from using the de novo algorithm in the UCHIME program 

within the MOTHUR program (Edgar et al., 2011). The sequencing error was 1.03% initially and 

was reduced to 0.23% after processing. High quality sequences were clustered into OTUs at the 

>97% sequence similarity level using the SILVA v.102 database (Quast et al., 2013). OTUs 

present in samples at greater than 1% were used to analyze the data with Primer v.6 by nonmetric 

multidimensional scaling (NMDS). OTUs appearing at significant percentages were examined in 

tables and figures. 
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Mussel shells were taken from the top layer of the laboratory biofilter on February 25, 

2014 (week 3) for electron microscopy. The shells were immersed in a fixative containing 1% 

glutaraldehyde, 4% paraformaldehyde in 0.1M phosphate buffer (PB), 0.9% sodium chloride 

(PBS). After washing, the biofilm was embedded in 4% low melt agarose, either before or after 

scraping it off the shell. 

The biofilm was then fixed in 1% osmium tetroxide in PB for 1 hour, dehydrated in a 

graded series of ethanol, treated with propylene oxide and embedded in Eponate 12 (Ted Pella). 

Approximately 60-70 nm thick sections were cut on a Reichert-Jung Ultracut E ultramicrotome 

and picked up on formvar coated copper grids. The sections were stained with uranyl acetate and 

Reynolds lead citrate and examined on a JEOL 100CX electron microscope at 60kV. Biofilm 

thickness was estimated by measurement of variable cross sections using light microscopy with a 

scale. 

 

D. Results and Discussion 

 

D.1. Biofilter Performance for Removal of Hydrogen Sulfide 

 

 During week 0, the ability of the biofilter to remove hydrogen sulfide prior to seeding 

with microorganisms was examined in order to understand the extent of hydrogen sulfide that 

was removed due to physical processes such as dissolution into the recirculating water or 

physical reaction with the seashells. Figure 5-4 shows the removal efficiency of hydrogen sulfide 

for the unseeded biofilter was 29.1 ± 3.7 percent. The amount of hydrogen sulfide accumulated 

in the headspace above the recirculating water was also measured occasionally during this week. 
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It was determined that approximately 1.9 ppm was found in the headspace when average inlet 

concentrations of 6.2 ppm were used. This is an indication that most of the removal was due to 

dissolution in the water phase. The water phase pH ranged between 7.39 at the beginning of the 

week at 7.98 at the end of the week (see Figure 5-5). The pKa of hydrogen sulfide is 7.0 between 

H2S and HS- indicating that at the pH’s found in the water phase, there would be about 10 times 

the HS- concentration, dissolved in the water, as the H2S concentration. The increase in pH 

through the week, suggests that some amount of the shells have dissolved to raise the pH of the 

system.  

 The biofilter column was “theoretically seeded” with Paracoccus denitrificans (Supplied 

by Bord na Móna, Newbridge, Ireland) at the beginning of week 1 after water measurements. 

Following seeding, the biofilter performance improved rapidly reaching a removal efficiency of 

greater than 97 percent within the first two days. Figure 5-6 shows the biofilter achieved a stable 

removal efficiency of 97.1 ± 2.9 % for week 1, week 2 and week 3 for an average inlet 

concentration of 8.4 ppm of hydrogen sulfide. During this time, the pH in the system remained 

near pH 8. The amount of hydrogen sulfide in the headspace of the water averaged 0.15 ppm. 

These weeks of the study demonstrate that the majority of the removal in the biofilter was due to 

biodegradation and that a pH of 8 appeared to be optimal for maximal performance of the 

system.  

 At the end of week 3 and beginning of week 4, the system began to experience a decline 

that would eventually lead to a significant loss in performance for the removal efficiency of 

hydrogen sulfide. The performance of the biofilter dropped off significantly (see Figure 5-7). 

The experiment was stopped during week 6 due to poor performance and continuing decline  
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During week 2, the system began to experience problems with foaming and significant 

evaporation of recirculating water. Millipore water was used as makeup water for evaporation 

and water was purged from the system to prevent overgrowth of organisms. Unfortunately, the 

Millipore water introduced into the system has a pH of 6.3 and an alkalinity of about 1 mg/L as 

calcium carbonate. The introduction of large quantities of Millipore water to makeup for 

evaporation (about 4 L/week) significantly altered the pH and alkalinity in the system, which 

apparently led to a reduction in growth of the organisms and poor performance (see Figures 5-5 

and 5-8).  

Other possible contributing factors to the decline in performance include: insufficient 

organic carbon source, poor mixing in the recirculating water, and insufficient purging of toxic 

products in the recirculating water. While the nutrients added at the start of week 1 with the 

organisms contain accessible organic carbon in the form of peptides, overtime it is possible that 

the source of carbon was used up. Most wastewater treatment plants have sources of organic 

carbon present in the incoming airflow that is treated by a biofilter. When the biofilter was 

disassembled, it was discovered that there were foul smells coming from the lower layers of the 

recirculating water. This indicated that poor mixing may have resulted in the nutrients not being 

properly distributed to the column. Additionally, an anoxic zone was forming in the bottom layer 

which may have created additional problems. The oxygen level was 2.73 mg/L. This value is far 

below the oxygen saturation level which would be expected for a well-mixed aerobic biofilter. 

Finally, the need to regularly purge some liquid from the system is well-established; however, a 

proper wasting rate should have been established in the biofilter to ensure that the cells remained 

growing in stationary phase without being purged too quickly or slowly. Also relevant to purging 
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is the accumulation of toxic products in the recirculating water. Purging must ensure that toxic 

products do not build up overtime leading to the death of microorganisms.  

During week 5, some attempts to recover the system were made. These included efforts 

to recover the pH and alkalinity simultaneously through the addition of sodium carbonate. 

However, the sodium carbonate only raised the pH, alkalinity, and removal efficiency of 

hydrogen sulfide temporarily. With time, the alkalinity in the system would once again be used 

up by removing hydrogen sulfide through dissolution into the water rather than biodegradation. 

The addition of a small amount of additional nutrients also failed to rejuvenate the 

microorganisms in the systems, which were most likely shocked by the rapid decline in pH as a 

result of introducing Millipore water. At the end of week 5, half of the water in the system was 

replaced by dechlorinated tap water to dilute any potentially toxic products in the system and to 

restore the pH and alkalinity. This also failed to revitalize the biofilter to its original 

performance. 

Figures 5-9 and 5-10 show the hardness and conductivity of the biofilter system. The 

conductivity is quite stable throughout the study and does not appear to explain any failures in 

the system. The hardness measurements are erratic due to the system changes.  The introduction 

of Millipore water caused a decreased in the hardness starting at week 2 and the introduction of 

tap water caused an increase between week 5 and 6. The hardness is dominated by the makeup 

water introduced into the system thus it is difficult to equate hardness with column performance. 

There was some difficulty of reading the ETDA colormetric method endpoint with brown 

recirculating water in the biofilter. One would expect the hardness to increase with time as the 

calcium carbonate dissolves at the shell surfaces when sulfuric acid is produced from 

biodegradation, but due to the large changes in water introduction this did not happen.  
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In conclusion, the majority of the removal in the seashell biofilter system is due to 

biodegradation, which produced removal efficiencies of greater than 97% when the system was 

functioning properly. However, once the biofilter was destabilized, there was a drastic reduction 

in performance which declined to levels below 50%. These values remained higher than the 

amount removed by an unseeded biofilter indicating that the community had decline but had not 

died completely which is corroborated by the DNA sequencing results which indicate some 

Pseudomonas at week 6 but in limited quantity compared to week 3 or week 1.
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Figure 5-4: Hydrogen Sulfide Removal Week 0 
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Figure 5-5: pH of the Biofilter Recirculating Water 
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Figure 5-6: Hydrogen Sulfide Removal Week 1, 2, and 3 
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Figure 5-7: Hydrogen Sulfide Removal Week 1-6 
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Figure 5-8: Alkalinity as mg/L of Calcium Carbonate in the Biofilter Recirculating Water 

 

 

Figure 5-9: Hardness as mg/L of Calcium Carbonate in the Biofilter Recirculating Water 
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Figure 5-10: Conductivity of the Biofilter Recirculating Water in mS/cm 

 

D.2. Microbiological Analyses 

 

 The DNA concentration of extracted DNA from triplicate shell analysis in different parts 

of the biofilter was used to evaluate the controlling region of the biofilter and also examine if 

there were changes in biomass density over time. Figure 5-11 demonstrates that the amount of 

DNA and therefore the amount of cells in the column increased with seeding at week 1 from the 

amount naturally on the mussel shells. The amount of organisms continued to increase until 

week 3 and then declined sharply at week 6. In Figure 5-12, one can see that during week 3, the 

growth throughout different parts of the column is not significantly different. At week 6, 

following the performance declines in the system, the growth is mostly in the top layer of the 

biofilter and clearly that area is controlling the performance. The top layer does not appear to 
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provide enough biodegradation capacity. Regrettably, shells were only taken from the top layer 

at week 1 so a complete comparison of growth throughout the study is not possible. 

 Mussel shells were taken from the top layer of the biofilter on week 3. The thickness of 

the biofilm was measured using cross-sections of the biofilm under light microscopy at 10x and 

20x magnification. The range of the thickness of the biofilm was 10 µm to 90 µm. Figure 5-13 

and Figure 5-14 show electron micrographs of the biofilm growing on the mussel shell. Figure 5-

13 shows a thicker section of the biofilm with a high concentration of bacterial cells. It is 

difficult to get an accurate measurement of the size of the cells as the cross section taken of the 

biofilm may mean that the cells are not in the plane of the image. It appears that there are cocci 

and rods growing in a matrix of extra polymeric substances typically found in a biofilm. There 

are extracellular lipids and other substances that are indicated by the thin wispy lines in the 

figure.  

Figure 5-14 shows a thin section of biofilm growing on the surface of the mussel shell 

(the thick black film). There are bacterial cells and also some type of eukaryotic cells (the large 

cell) that can be seen from the much larger size and the appearance of some type of organelles. 

There are large cells, rods, and cocci sporadically throughout the biofilm indicative of a mixed 

culture growing in the biofilm that is corroborated by the mixed community found at week 3 that 

is shown in Figure 5-15. 

 Figure 5-15, Figure 5-16, and Table 5-2 present the results of the DNA sequencing of the 

laboratory biofilter. It is clearly demonstrated that Streptomyces is a predominant genus of 

natural unseeded mussel shells by the week 0 results. The most interesting result is that during 

week 1, the major genus present is Pseudomonas. The biofilter was thought to be seeded with a 

pure culture of Paracoccus denitrificans, but clearly the culture used was not the culture that 
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was supposed to be supplied. Paracoccus and Pseudomonas diverge at the level of class, 

Paracoccus falling into the class of Alphaproteobacteria and Pseudomonas being in the class of 

Gammaproteobacteria. The seeding culture Pseudomonas was capable of very substantial 

hydrogen sulfide removal, but was quickly overtaken by ubiquitous environmental species that 

grow easily. The pH tolerance of most Pseudomonas species is in the range of 6-8.5 with ideal 

growth in the range of 7-8.5 (Bergey et al., 1974). The pH tolerance of Paracoccus denitrificans 

is 7.5-8, which is in the neutral range as the Monashell system is designed to operate at neutral 

pH.  Most critically, the introduction of massive amounts of Millipore water of pH 6.3 and no 

alkalinity may have shocked the culture of Pseudomonas that was nearly pure at week 1.  

 By week 3, ubiquitous environmental organisms that may be less fastidious than the 

starting culture of Pseudomonas began to grow substantially in the biofilter and Pseudomonas 

began to drop off as a significant portion of the biofilm in all parts of the biofilter and 

particularly in the bottom. At week 3, there was more biomass growth than week 1, so while 

Pseudomonas comprise a smaller percentage of the organism community, there were still enough 

to remove most of the hydrogen sulfide (Figures 5-11 and 5-12). However, as organisms began 

to take over the biofilter than were not designed for sulfide oxidation, the performance of the 

biofilter began to drop off drastically. Organisms such as Sphingobacterium became a substantial 

part of the community as shown in Table 5-2 and Figure 5-15. The nonmetric multidimensional 

scaling plot presented in Figure 5-16 shows the drastic change in the community between week 1 

and the rest of the timeline of the laboratory study. The biofilter community was similar 

throughout by week 6 and completely different than that of week 3. At week 3, the top and 

middle of the biofilter were similar but different from the bottom of the biofilter. The change in 

the community between week 3 and week 6 is considerable. The reduction in performance 
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between week 3 and week 6 is primarily attributable to the biomass attributable to Pseudomonas 

decreasing. At week 3, there was enough Pseudomonas to remove most of the hydrogen sulfide 

but by week 6, the column had substantially less growth and there were not enough 

Pseudomonas to handle the hydrogen sulfide. The other types of organisms the comprised the 

biofilter community at week 6 were unable to use hydrogen sulfide as a fuel source. Because the 

system was seeded with Pseudomonas rather than Paracoccus denitrificans, the nutritional 

requirements may have been inappropriate to support the community or it may have been more 

fastidious thus leading to the takeover of the biofilter by environmental organisms. 

 

 

Figure 5-11: Average Extracted DNA Concentrations from Week 0, 1, 3, and 6 

 



	  
	  

170 
	  

	  

 

Figure 5-12: Extracted DNA Concentrations of Top, Middle, and Bottom from Week 3 & 6 
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Figure 5-13: Electron Micrograph at 3.6X Magnification of a Section of Biofilm from a Week 3 

Top Mussel Shell 
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Figure 5-14: Electron Micrograph at 4.8X Magnification of a Section of Biofilm from a Week 3 

Top Mussel Shell 
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Figure 5-15: Bacterial Distribution of Laboratory Biofilter Over Time 
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Figure 5-16: Nonmetric Multidimensional Scaling of The Laboratory Biofilter Over Time 
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Table 5-2: Predominant Bacteria In Laboratory Biofilter Over Time	  

	  

Week 0 M2 Streptomyces 64% Tissierella 7% Alphaproteobacteria (Class) 2%
Week 0 M3 Luteimonas 14% Streptomyces 14% Microbacteriaceae (Family) 11%
Week 1 M1T Pseudomonas 95% Pseudomonas 4%
Week 1 M2T Pseudomonas 93% Pseudomonas 4%
Week 1 M3T Pseudomonas 96% Pseudomonas 2%
Week 3 M1T Sphingobacterium 20% Pseudomonas 17% Flavobacteriaceae (Family) 11% Pseudomonas 17%
Week 3 M2T Sphingobacterium 30% Chitinophagaceae (Family) 15% Flavobacteriaceae (Family) 13% Pseudomonas 10%
Week 3 M3T Sphingobacterium 24% Chitinophagaceae (Family) 20% Candidatus Amoebinatus 12% Pseudomonas 7%
Week 3 M1M Chitinophagaceae (Family) 24% Sphingobacterium 17% Flavobacteriaceae (Family) 15% Pseudomonas 6%
Week 3 M2M Chitinophagaceae (Family) 27% Sphingobacterium 22% Flavobacteriaceae (Family) 16% Pseudomonas 8%
Week 3 M3M Sphingobacterium 22% Flavobacteriaceae (Family) 21% Chitinophagaceae (Family) 20% Pseudomonas 6%
Week 3 M1B Chitinophagaceae (Family) 65% Alcaligenaceae (Family) 9% Sphingobacterium 6%
Week 3 M2B Chitinophagaceae (Family) 41% Candidatus Amoebinatus 10% Flavobacteriaceae (Family) 7%
Week 3 M3B Chitinophagaceae (Family) 61% Sphingobacterium 10% Candidatus Amoebinatus 6%
Week 6 M1T Chitinophagaceae (Family) 14% Sphingobacterium 13% Pseudomonas 8%
Week 6 M2T Chitinophagaceae (Family) 19% Sphingobacterium 11% Pseudomonas 9%
Week 6 M3T Sphingobacterium 13% Chitinophagaceae (Family) 11% Pseudomonas 10%
Week 6 M1M Chitinophagaceae (Family) 27% Sphingobacterium 14% Pseudomonas 7%
Week 6 M2M Chitinophagaceae (Family) 17% Sphingobacterium 14% Achromobacter 5%
Week 6 M3M Pseudomonas 28% Sphingobacterium 27% Chitinophagaceae (Family) 9%
Week 6 M1B Sphingobacterium 26% Chitinophagaceae (Family) 14% Candidatus Amoebinatus 7%
Week 6 M2B Chitinophagaceae (Family) 18% Sphingobacterium 17% Lysinibacillus 6%
Week 6 M3B Sphingobacterium 33% Chitinophagaceae (Family) 7% Achromobacter 5%
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E. Conclusions 

 

 The seashell media biofilter provided adequate removal of hydrogen sulfide following 

seeding with microorganisms and nutrients. However, the system appears to be quite sensitive 

and was unable to recover its performance following a decline attributed in primarily to the 

introduction of large amounts of Millipore water and the use of a Pseudomonas species as a 

seeding organism rather than the intended Paracoccus denitrificans. The performance decline 

was also accompanied by a decline in biomass of the column. 

It should be recognized that laboratory systems and full-scale operations experience some 

differences due to scaling that may have made the laboratory system more sensitive and less able 

to weather changes. During good performance, no particular part of the column appeared to the 

controlling the performance however the top and middle appear to support more functional 

organisms during poor performance. The DNA sequencing results showed a nearly pure culture 

of Pseudomonas at week 1. The seeding organism was thought to be Paracoccus denitrificans so 

this may have been part of the reason for the major decline in the system that was designed for a 

different seeding organism. Ubiquitous environment organisms began to take over the biofilter 

during week 3 and week 6. The changes in the community trended with the declining 

performance of the biofilter. The biofilter supported a variety of organisms growing in a biofilter 

matrix as demonstrated by electron microscopy. Chapter 4 has shown that at Lake Wildwood 

Wastewater Treatment Plant, the system was still able to maintain performance even after major 

pH declines in the oyster side of the biofilter. However, it is expected that because the mussel 

side of the biofilter was still able to support a community capable of removing reduced sulfide 

compounds as shown, the good performance of the biofilter remained. Additionally, the column 
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was able to reseed itself from organisms that are abundant at WWTPs if the community became 

damaged whereas the laboratory biofilter did not have access to these types of organisms. 

The overall results of this study have established a seashell media as a viable method for 

treatment of hydrogen sulfide but shows specific limitations.  A major limitation of the seashell 

biofilter in the laboratory is that the correct seeding organisms must be used and the recirculating 

water must be carefully controlled. The Pseudomonas used in this study were very disturbed by 

the conditions of the recirculating water as this led to unrecoverable performance declines.  
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Chapter VI 

 

Determination of Odor Threshold Concentrations By Olfactometry 

 

A. Abstract 

 

 Determination of accurate odor threshold concentrations is of great importance for 

evaluation of odors and the success of odor control technologies. There is a great deal of 

variability in the odor thresholds concentrations (OTCs) found in the literature, as there are 

many methods of determination, sometimes as much as several odors of magnitude. The 

OTCs of compounds determined in this study were found to be on the order of parts per 

billion generally. The OTCs were determined by a modified version of Standard Method EN 

13725 in combination with Standard Method 2170’s Flavor Profile Analysis Scale. This 

method found values that were generally an order or two of magnitude higher than the lowest 

values found in the literature as the majority of panelists were novice. The OTCs for the same 

compound measured on multiple days, for example trimethyl amine, vary by about an order 

of magnitude indicating the reliability of the method. The type of compound that would be 

the most difficult to eliminate in an odor problem is that with a low odor threshold and a low 

slope its Weber-Fechner curve. These types of compounds dilute out slowly as they make 

their way from the odor source. More reduction in concentration and a great deal of dilution 

is required to get these types of compounds below their odor threshold values. Methyl 

mercaptan is a compound of this type. This study used a different methodology for OTC 

determination and these values should be considered in the range of OTCs for novice 

panelists along with those from the standard olfactometry approach and the triangle bag 

method. 
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B. Introduction 

 

Odorous compounds are released into the environment from natural biodegradation 

and anthropogenic sources including rendering facilities, meat packing plants, oil refineries, 

and waste treatment operations such as composting, sludge drying, and wastewater treatment 

(Higgins et al., 2008; Jones et al., 2005). Industries have become less isolated from 

population centers due to population growth and suburban sprawl. This has resulted in a large 

increase in the number of public complaints about odor nuisances (Lebrero et al., 2011; 

Leson and Winer, 1991). For example, the South Coast Air Quality Management District 

(SCAQMD), which covers Southern California including Los Angeles, received about 6200 

air quality complaints in 2009 and about 60% of these complaints were odor complaints 

(Curren, 2012). Evidently, odor is a significant problem faced by air management.  

In order to control odors, they must first be measured and characterized. One of the 

most important measurements of an odor is its odor threshold. The odor threshold is the 

concentration at which 50% of the population can smell a given odorous compound (ASTM, 

2011). Each odorous compound has its own individual odor threshold and relationship to 

odor intensity. The intensity of an odorous compound is a measure of its odor strength, which 

is related to the log of its concentration via the Weber-Fechner law (Muñoz et al., 2010; 

Suffet et al., 1995). The ability for an odor to present a nuisance to a population is related to 

the concentration of the odor, the odor threshold of the compound, and the hedonic tone of 

the odor.  

The ratio of the odor concentration of a compound to its odor threshold provides a 

useful measure of which compounds in a mixture are likely to present the greatest odor 

nuisance. In order to apply odor control methods to odorous sources, looking at the ratios can 



 

 
 
 

182 

give odorous industries an idea of which compounds must be controlled to prevent an odor 

nuisance to surrounding residences. Having a reliable odor threshold concentration is an 

important first step to odor control. There is a large variability in odor threshold 

concentrations depending upon how they are measured, the conditions in the environment at 

the time, the age and gender of the participants, and the training of the panelists. Table 6-1 

shows some of the lowest odor thresholds found in the literature for the types of compounds 

found at wastewater treatment plants and from composting (Burlingame et al., 2004; Suffet 

and Rosenfeld, 2007). There is a large range even for a given compound at the low end of 

OTCs found in the literature. 

 

Table 6-1: Low Odor Threshold Concentrations for the Compounds Studied 

Compound 
OTC 

Determined 
(ng/L) 

OTC 
Determined 

(ppbv) 

Method of 
Determination Reference 

α-Pinene  31  Unknown 1 
  18 Triangle Bag 2 
Acetaldehyde 0.2 0.111 Unknown 1 
  1.5 Triangle Bag 2 
  50 Unknown 3 
Butyric Acid 1 0.278 Unknown 1 
  0.19 Triangle Bag 2 
  88 Unknown 3 
Dimethyl Disulfide 0.1 0.026 Unknown 1 
  2.2 Triangle Bag 2 
Limonene  38 Triangle Bag 2 
Methyl Mercaptan 0.04 0.02 Unknown 1 
  0.070 Triangle Bag 2 
Skatole 0.0004 0.0000748 Unknown 1 
  0.0056 Triangle Bag 2 
Trimethyl Amine 0.8 0.332 Unknown 1 
  0.032 Triangle Bag 2 
  0.44 Unknown 3 
1 (Rosenfeld et al., 2007) 2 (Nagata) 3 (Amoore and Hautala, 1983) 
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There are a variety of methods available to determine odor threshold concentrations 

including the use of an olfactometer or sampling bags. An olfactometer is an air dilution 

instrument that precisely dilutes a given odorous compound with pure air so that the exact 

concentration is known. Each panelist evaluates samples below and above the concentration 

where they can detect the odor, and the odor threshold is determined from the combination of 

the panelists’ responses. The determination of OTCs can be through a forced choice triangle 

method where the panelists are forced to pick which of three sources is the one containing the 

odor. Once reliable odor thresholds have been determined, odor control can be appropriately 

designed to those compounds greatly exceeding their odor thresholds. The objective of this 

study is to determine the odor threshold concentrations, for odorous compounds typical of 

wastewater and composting. 

 

C. Methods and Materials 

  

  The results in this paper followed a new modification of the methodology of EN 

Method 17325: Determination of odour concentration by olfactometry (CEN, 2003). This 

study used a known concentration of a given compound, diluted in a bag, which was then 

introduced into an olfactometer.  Six panelists detected the presence or absence of a given 

odorous compound. In this study, the panelists provided odor intensity numbers for each 

dilution of a given odorous compound using the Flavor Profile Analysis (FPA) scale found in 

Standard Method 2170 which is a modification of EN 17325 (APHA, 2012). Each panelist 

associates intensity to of each odor recognized, according to a sugar solution scale by taste. 

Levels on the scale are anchored by the use of taste standards. Thus a certain concentration of 

a taste standard is defined as a certain point on the scale and numerical ratings for intensities 

are anchored. The scale is composed by 0 and seven values of 1, 2, 4, 6, 8, 10, and 12. A 
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value of 1 represents the odor threshold for a given compound. The Flavor Profile Analysis 

Scale and its sugar standards are given in Table 6-2. The FPA scale was determined to be an 

appropriate scale for odor intensity response in air by Curren et al. (2014).  

 

Table 6-2: Flavor Profile Analysis Scale (APHA, 2012) 

Point of the scale Strength Percent of Sugar in Water 
0 Odor free 0 % 
1 Threshold  
2 Very Weak  
4 Weak 5 % 
6 Weak-Moderate  
8 Moderate 10 % 
10 Moderate-Strong  
12 Very Strong 15 % 

 
 

The odor threshold concentrations were then determined by making a plot of the 

average odor intensities for a given concentration, performing a logarithmic fit to the data, 

and calculating the concentration that would give an intensity of 1 (representative of 

threshold of a compound) using the equation of the line. In the assessment of the results, 

panelists were eliminated if they reported similar odor intensities at all odor concentrations as 

they were determined to be anosmic to the given odors. Thus, it was necessary that a given 

panelist report an appropriate relationship between concentration and intensity for their data 

to be included in the data set. Outlier odor concentrations below an odor threshold of 1 were 

eliminated. 

 A series of 6 panelists, many of them novice, evaluated α-pinene, α-terpineol, 

acetaldehyde, benzaldehyde, butyric acid, cadaverine, decanal, dimethyl disulfide, eucalyptol, 

eugenol, limonene, methyl mercaptan, skatole, and trimethyl amine to determine their odor 

threshold concentrations.  

 



 

 
 
 

185 

D. Results and Discussion  

 

The odor threshold concentrations of odorous compounds found in waste treatment 

and management were determined by a series of 6 panelists. The Weber-Fechner curves for 

these compounds are given in Figure 6-1. If the line did not reach an odor intensity of 1 

where the threshold is determined, an extension of the slope was used to reach the threshold 

at 1. Overall, for the lines obtained malodorous compounds studied have an average slope of 

about 2, this means that the odors of these compounds are quite persistent in air and their 

perception decreases slowly with distance. The hedonic tone of an odorous compound needs 

to be considered in terms of odor nuisance. The odor character and the odor threshold 

concentrations of the compounds are presented in Table 6-3.  

 

Table 6-3: Determination of Odor Threshold Concentrations using Olfactometry 

Compound Odorant Type 
Original 

Concentration 
(µg/L in air) 

Odor 
Threshold 

Concentration 
(ng/L in air) 

α-Pinene Pine 679.2 479 
α-Terpineol Floral 2580 1240 

Acetaldehyde Sweet, Fruity 1644 128 
Benzaldehyde Almond 3120 639 
Butyric Acid Rancid 1076 79 
Cadaverine Putrid, Dead 

Body 
3950 46 

Decanal Citrus Peel 2490 1830 
Dimethyl Disulfide Rotten Cabbage 1207 42 

 
Eucalyptol Eucalyptus 2760 660 

Eugenol Clove, Antiseptic 3180 1500 
Limonene Lemon 2520 575 

Methyl Mercaptan Rotten Vegetable 400 4 
Skatole Fecal 100 74 

Trimethyl Amine Fishy 874.4 14 
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 Also presented are some Figures showing the variability of dimethyl disulfide 

(DMDS) (Figures 6-2 and 6-3) and trimethyl amine (TMA) (Figures 6-4 and 6-5). The error 

bars on a given odorous concentration show the standard deviation of panelist responses at 

that given concentration. The figures from different days show the range in OTCs even from 

a given method. The DMDS OTC was 42 ng/L on 03/17/2006 and 5 ng/L on 05/04/2006. The 

TMA OTC was 3 ng/L on 04/05/2006 and 14 ng/L on 04/27/2006. There is a range to these 

values of less than an order of magnitude. 
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Figure 6-1: Weber-Fechner Curves for Odor Threshold Concentration Determination 
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Figure 6-2: Novice Panel Weber-Fechner Curve for Dimethyl Disulfide on 03/17/2006  

 

 

Figure 6-3: Novice Panel Weber-Fechner Curve for Dimethyl Disulfide on 05/04/2006 
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Figure 6-4: Novice Panel Weber-Fechner Curve for Trimethyl Amine on 04/05/2006 

 

 

Figure 6-5: Novice Panel Weber-Fechner Curve for Trimethyl Amine on 04/27/2006 

 

E. Conclusions 

 

Having reliable measurements for odor threshold concentrations is of great 

importance. The satisfactory treatment of odors is based upon the relationship between the 

concentration of an odorous compound at a given site and its odor threshold concentration. 

The values of odor threshold concentrations differ by many odors of magnitude in the 

literature depending on the conditions under which the OTCs were determined. Many factors 

such as panel training, the method of determination used, and the temperature in the room at 
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the time of determination can greatly affect the OTCs measured. The OTCs in this study were 

determined by olfactometry with the FPA scale. The odor threshold concentrations 

determined by this method were within an order of magnitude on different days determined 

indicating the reliability of the method. These values were several orders of magnitude higher 

than the lowest values found in the literature due to the use of novice panelists, but they 

should be considered in the range of acceptable odor threshold concentrations depending 

upon the methodology used. 
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Chapter VII 

 

Measurement and Evaluation of Odorous Compounds at Orange County Sanitation 

District’s Wastewater Treatment Plants 

 

A. Abstract 

 

The Orange County Sanitation District (OCSD) collected odor evaluation data with the 

help of experts in the field in order to update their Odor Control Master Plan in 2014 (Orange 

County Sanitation District, 2014). The gathering of odor information composed Phase I of the 

update to the Odor Control Master Plant. This paper discusses a portion of the Phase I study; the 

evaluation of the data collected in Phase I. This paper focuses on an assessment of the most 

detectable odorants, the effectiveness of existing treatment technologies, and the most odorous 

sites at both plant that are likely to cause offsite odor nuisances. Odor samples were collected 

and analyzed chemically and by sensory odor panels. Sensory evaluation by the Odor Profile 

Method (OPM) provided guidance on necessary chemical analyses to identify the chemical 

nature of the odorous compounds. Dilution to Threshold (DT), another sensory analytical 

technique, provided useful information about total odor. DT results were correlated with 

chemical and OPM results to enhance overall data analysis.  

The odor threshold concentrations of many odorants are below their respective method 

reporting limits of chemical analyses, thus concurrent sensory analyses are of extreme 

importance. Chemical analyses included reduced sulfur, carboxylic acids, ammonia, and amines. 

Odorants at each of the treatment plant process areas were identified and evaluated so that proper 
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odor control technologies can be applied in the future. Odors at OCSD wastewater treatment 

processes were found to evolve from fecal and sulfur compounds (dominated by hydrogen 

sulfide and methyl mercaptan) at the headworks and primary treatment, to a complex 

musty/moldy odor at secondary treatment, and to a prominence of ammonia in solids processing. 

When H2S is removed by air treatment systems, other odorants become dominant, such as fecal 

odors and low molecular weight sulfides, which are challenging for odor treatment. Depending 

upon the data used, the concept of which plant sites are the most odorous changes. If a 

combination of OPM, DT, and, and chemical data are used, one can start to get a picture of some 

of the most problematic sites that near odor control technologies.  

 

At Plant 1, the following locations were consistently problematic regardless of the types 

of evaluation methods used: 

• Truck Loading 

• Headworks #4 Out 

• Primaries Out 

 

At Plant 2, the following locations were consistently problematic regardless of the types 

of evaluation methods used: 

• Trunkline Bio #1 Out 

• Headworks Bio #8/#12 Out  

 

Many of the most odorous sites noted in this paper already have existing technologies 

that are either, addressing only some components of inlet odor, or are completely ill suited to the 
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types of compounds at that location. The outlet of the Wastehauler at Plant 1 and the Headworks 

Chem #4/#3 Out at Plant 2 were the only treatment locations providing necessary removal 

efficiencies of odorous compounds. Trickling Filter #C at Plant 2 provided significant odor 

treatment but did not always adequately address odorous compounds. Major odorants were very 

similar at both plants. Methyl mercaptan, hydrogen sulfide, and the compounds leading to 

fecal/sewery/manure/rubbery musty/earthy/moldy odors were consistently the most detectable 

odorants at both plants. Carbon disulfide was also a major odorant at Plant 1 whereas dimethyl 

disulfide was very important at Plant 2. It is recommended that treatments be targeted towards 

these types of compounds rather than hydrogen sulfide alone.  

 

B. Introduction 

 

Odorous compounds are released into surrounding residential neighborhoods by 

wastewater treatment plants (WWTP) (Higgins et al., 2008; Jones et al., 2005). WWTPs process 

residential and industrial wastewaters through a series of physical, chemical, and biological 

processes before the water is returned to the environment and odors are produced during 

different stages of treatment (Lebrero et al., 2011). Due to recent population growth, population 

centers and WWTP are in closer proximity resulting in a large increase in the number of public 

complaints about odor nuisance (Curren, 2012; Lebrero et al., 2011; Leson and Winer, 1991; 

Muñoz et al., 2010). In order to control odors, they must first be measured and characterized. 

Sensory measurements by trained panelists are particularly useful to measure nuisance odors 

because no instrument can properly simulate the human nose, however the specific chemical 



 

196 
 

compounds responsible for the odors must be identified for implementation of odor control 

technologies.  

Odor wheels have been developed to characterize the types of odor present from different 

odorous sources including wastewater treatment (Figure 7-1), composting, landfills and more 

recently, urban odors (Suffet and Rosenfeld, 2007). Odor wheels have an inner circle of odor 

categories (e.g. sulfide), an out circle of specific odor characters (e.g. rotten garlic), and specific 

chemical compounds that represent those odor characters along the outside of the wheel (e.g. 

dimethyl trisulfide). Most odor elimination systems used in wastewater treatment plants are 

designed based on hydrogen sulfide (H2S) removal on the concept that H2S is the major odorant 

emitted at WWTPs and that it is present at high concentrations (Deshusses et al., 2001; Iranpour 

et al., 2005; Lasaridi et al., 2010).  However, odorous emissions from wastewater treatment 

plants tend to consist of many individual odorous compounds including: reduced sulfur 

compounds, amines, and fatty acids (Adams et al., 2004; Burlingame, 1999; Hwang et al., 1994; 

Zarra et al., 2008). The types of odors that are typically found at WWTPs are shown in the 

Wastewater Odor Wheel pictured in Figure 7-1 (Suffet et al., 2004). 

Munoz et al. (2010) has reviewed recent advances of the air odor assessment, specifically 

the use of the individual odor character rather than total odor by odor panels using the Odor 

Profile Method (OPM) with odor wheels to define odor characters (Burlingame, 1999; Curren et 

al., 2014; Suffet et al., 2004) in combination with the odor intensity approach used by Curren et 

al. (2014). Curren et al. (2014) utilized the Flavor Profile Analysis Method, Standard Method 

2170, to define odor intensity levels for the OPM versus log concentration based upon a 7 point 

scale from zero (no odor) to 12 (very high odor) by units of two.  
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Ideally, in order to control odors, the specific odor characteristics by the odor wheel and 

their intensities (e.g. rotten vegetable, intensity of 8 and rancid, intensity of 6) should first be 

determined by an odor panel by OPM. The use of odor wheels as a part of OPM can help identify 

the type of chemical compounds to quantify by analytical analyses at a given location. The 

importance of the integration of analytical approaches, including OPM, dynamic olfactometry, 

Gas Chromatography – Mass Spectroscopy (GC-MS), and Sensory GC analysis in the 

assessment of odor concentration and character as shown by Muñoz  et al. (2010).  

Dynamic olfactometry a standard sensory method, known as detection threshold (DT), 

uses a trained human panel forced to choose between two blanks and a progressively more 

diluted odor sample to the point where 50% of the panel can detect the odor. It is a helpful way 

to evaluation which sites at a wastewater plant should be prioritized for odor control. As DT 

measures only the total odor at a given site, it is recognized that a single analytical technique 

cannot be universally applied for evaluation of odor abatement due to variations in chemical 

composition and hedonic tone of odorous releases.  

Once OPM has established the types of odors that are present at a given odorous source 

and the intensities of each odor type, analytical chemistry techniques can be used to quantify the 

types of compounds suspected to be responsible for the given odor characteristics. Broad 

spectrum gas chromatography with mass spectrometry (GC-MS) in combination with sensory 

GC (where odors are smelled as they elute from a chromatographic column) can be used to 

further describe odors by qualifying and sometimes quantifying a variety of odorous chemicals 

present (Gostelow et al., 2001; Khiari et al., 1992). Additionally, the ratio of the concentration of 

a particular chemical measured by chemical analysis to its odor threshold concentration (OTC) 

can help define an odor nuisance and aid in the development of odor control strategies.  
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Figure 7-1: The Wastewater Odor Wheel 

 

The Orange County Sanitation District (OCSD), a special district of the County of 

Orange, California (serving a population of 2.5 million in two municipal wastewater treatment 

plants) planned an update of its 2002 Odor Control Master Plan for 2014 that was conducted in 

separate phases (Orange County Sanitation District, 2014). Phase I collected the necessary 
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information about the odors generated at the different treatment processes at both plants. Phase 

I.5 is evaluating the data and Phase II will process the data through air dispersion models, 

evaluate the findings of Phase I, and propose alternative Level of Odor Nuisance Treatments. 

Phase I was managed with experts in the field of odor collection and analysis and took place 

from July through November of 2013. Phase I at both plants included a baseline monitoring, 

when as many as possible odorants were sampled and analyzed, and a routine monitoring, when 

only the detected or suspected odorants observed in the baseline monitoring were repetitively 

sampled and analyzed in order to provide for sufficient statistical analysis of the data. This 

chapter, which falls under Phase I.5 of the project, is an evaluation of a significant portion of 

findings of Phase I. The 2014 update of the Odor Control Master Plan will allow OCSD 

engineers to provide appropriate odor control technologies based upon the thorough sampling, 

evaluation, and interpretation of odors at both plants. 

OCSD did not want to repeat what was done in the past, which had yielded minimally 

successful results. The previous Odor Master Plan determined odors in terms of hydrogen sulfide 

and its equivalents, which bases treatment technologies solely on hydrogen sulfide removal. 

Subsequent odor studies at OCSD modeled odors on the basis of a DT. This approach considers 

total sensory odor, but it does not give sufficient information about the chemicals that are 

causing the odors. The knowledge of the specific and most prevalent odorous compounds leading 

to the total odor at a site is necessary for implementation of proper odor control technologies. 

The overall objective of this paper is to organize and evaluate the data collected in Phase I and 

allow Phase II to proceed efficiently. The specific objectives of this paper include: establishment 

of the most detectable odorants at each location, evaluation of the effectiveness of the existing 
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treatment technologies by monitoring data of Phase I, and assessment of the most odorous outlet 

locations at both plants.  

 

C. Methods and Materials 

 

C.1. Orange County Sanitation District’s Wastewater Treatment Plants 

 

Sixteen monitoring stations at OCSD Plant 1 were monitored during August through 

September and sixteen monitoring sites at OCSD Plant 2 during October through November. 

Figure 7-2 (Plant 1) and 7-3 (Plant 2) show the air systems at both plants along with the 

monitoring station locations. Air samples were collected at all monitoring stations in both OCSD 

treatment plants using standardized methods. The air sources include wastehauler stations, 

headworks scrubbers, primary scrubbers, trickling filter system, activated sludge systems, 

dissolved air flotation processes, dewatering locations, and truck loading facilities. All air 

sources were sampled at existing positive pressure air collection ducts, except for those processes 

with open surfaces exposed to the atmosphere, such as: trickling filter media surface, trickling 

filter reactor basin, the trickling filter mixed liquor channel, and the activated sludge effluent 

channel, where flux chambers were used. The existing air scrubbers were sampled before and 

after treatment to determine their effectiveness in reducing particular odorants. OCSD currently 

has four different odor treatment technologies that were tested: biofilters (natural media), 

biotowers (synthetic media), packed bed chemical scrubbers, and activated carbon filters. 

Conventional packed bed (acid, base, and/or chlorine) air scrubbers are the main air 

scrubbing technologies used by OCSD to treat the air from headworks and primary treatment 
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processes. The system works by absorption and oxidation of H2S to the scrubbant (a mix of 25% 

caustic soda to pH 9-10 and 12.5% bleach) with chemical reactions to stable compounds. The air 

in the scrubber vessel is forced upwards through a packing material that provides adequate 

surface area with a minimum pressure drop while the scrubbant is applied counter-current, which 

lowers its falling velocity, breaks it down in smaller droplets, and increases the chance for 

reacting with the incoming air. The scrubbant is recirculated from the scrubber sump, which is 

maintained full with a level control system. Make up solution is batched automatically as the 

level of the sump drops. The sodium sulfate and sodium chloride are the final products of the 

reaction and are removed from the system as new make-up solution is pumped in (Equation 7-1 

and 7-2). 

 

H2S + 2NaOH = Na2S + 2H2O    (7-1) 

            Na2S + 4NaOCl = Na2SO4 + 4NaCl    (7-2) 

 

OCSD uses specially designed biological scrubbers with dual beds using poly foam cubes 

to treat the air at Plant 2 Headworks. The odorants are adsorbed and absorbed by the biological 

film growing on the media (Thiobacillus sp., Pseudomonas sp., Bacillus sp., Nocardia sp., 

Flavobacterium sp., Micrococcus sp., Rhisobium sp., etc). Secondary effluent is applied from the 

top to keep the media moist. Makeup water is added periodically to keep the scrubber sump to 

level. The air and the water must provide the necessary nutrients for the bio-growth to be 

maintained.  

OCSD uses activated carbon filters to treat the air from the Plant 2 Trickling Filters and 

Truck Loading areas. Several types of activated carbon have been used to test their effectiveness, 
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some with potassium permanganate layers. OCSD also uses a small Biorem biofilter to treat the 

air from the Plant 1 at the Wastehauler Station. Biorem biofilters (Biorem, Victor, NY) use 

patented Biosorbens® media.
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Figure 7-2: Odor Control Systems at OCSD Plant 1 in Fountain Valley, CA 
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Figure 7-3: Odor Control Systems at OCSD Plant 2 in Huntington Beach, CA
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C.2. Chemical Sampling Techniques and Analytical Methods   

 

Table 7-1 shows the complete list of compounds analyzed by ALS Laboratories (Simi 

Valley, CA). The chemical groups analyzed were reduced sulfur, ammonia, amines, including 

methylamine, and volatile acids. The particular sampling techniques and analytical methods used 

are shown in Table 7-2 for compounds that were detected. Operational variations were 

implemented during one of the routine tests at OCSD Plant 1 to determine its effects on odors 

and odorants. Aldehydes and ketones were not analyzed in this project as they were not observed 

from the first sample testing prior to the beginning of Phase I. OCSD’s Source Control Program 

effectively controls industrial discharges and historical results show that these pose insignificant 

plant odors.  

Broad Spectrum GC-MS and GC-Sensory analysis were also used to define any odorants 

that may have been missed in other chemical analyses. Grab samples in 1 L Tedlar Bags were 

analyzed at UCLA on the same day as sampling. Samples were evaluated during one week of 

sampling at each plant. 100 mL of sample was injected using a ground glass syringe onto the gas 

adsorbent traps/heat desorption system (designed by Randy Cook, Lotus Instruments, Long 

Beach, California) and purged to a Varian 450 GC (Varian Inc., Palo Alto, California) with two 

detectors: a Varian 220 MS and a SGE Brand Olfactory “Sniffer” (SGE Analytical Science, 

Austin, Texas) using 99.9999% Helium as the carrier gas. The sniff port consists of a glass 

nosecone at the base of the capillary column where air from the column exits at atmospheric 

pressure and is mixed with a humidified breathable air stream created by bubbling air through 

water in a glass tube to prevent drying out of nasal membranes. The chemical traps were made 

out of five layers consisting of: 60/80 mesh glass beads, Carbopack C and B, Carbosieve 569 and 
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1003. The traps were maintained at 35ºC and following injection were rapidly heated to 270ºC to 

desorb the samples. The columns used to both detectors were Agilent DB-5 columns (length 60 

m, ID of 0.25 mm ID, film thickness of 0.25 µm). The temperature program used was: 40ºC with 

a ramp of 7 ºC /min to 240 ºC with a hold of 11.43 min. The flow of carrier gas was 1.0 mL/min 

to the MS and 1.1 mL/min to the Sniff port. The Ion Trap MS monitored from 45-300 m/z.  

 

Table 7-1:  Compounds Analyzed by ALS Laboratories 

Hydrogen Sulfide Acetic Acid Dimethylamine 
Carbonyl Sulfide Propionic Acid (Propanoic) Ethylamine 
Methyl Mercaptan 2-Methylpropanoic Acid 

(Isobutyric) 
Trimethylamine 

Ethyl Mercaptan Butanoic Acid (Butyric) Isopropylamine 
Dimethyl Sulfide 2-Methylbutanoic Acid tert-Butylamine 
Carbon Disulfide 3-Methylbutanoic Acid 

(Isovaleric) 
n-Propylamine 

Isopropyl Mercaptan Pentanoic Acid (Valeric) Diethylamine 
tert-Butyl Mercaptan 2-Methylpentanoic Acid sec-Butylamine 
n-Propyl Mercaptan 3-Methylpentanoic Acid Isobutylamine 
Ethyl Methyl Sulfide 4-Methylpentanoic Acid 

(Isocaproic) 
n-Butylamine 

Thiophene Hexanoic Acid (Caproic) Diisopropylamine 
Isobutyl Mercaptan Heptanoic Acid (Enanthoic) Triethylamine 
Diethyl Sulfide 2-Ethylhexanoic Acid Dipropylamine 
n-Butyl Mercaptan Cyclohexanecarboxylic Acid Methylamine 
Dimethyl Disulfide Octanoic Acid (Caprylic) Ammonia 
3-Methylthiophene Benzoic Acid  
Tetrahydrothiophene Nonanoic Acid (Pelargonic)  
2,5-Dimethylthiophene   
2-Ethylthiophene   
Diethyl Disulfide   
Dimethyl Trisulfide   
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Table 7-2:  Sampling and Analytical Techniques for Odorants Identified at OCSD Wastewater Treatment Plants 
 

Odorant Type Specific Compound Odor  Low Odor 
Threshold1  

(ppbV) 

Sampling 
Technique 

Analytical 
Technique 

Method 
Reporting 

Limit2 (ppbV) 
Carboxylic 
Acids 

Acetic Acid Vinegar 1,019 1.0 L/min rate for 
100 – 200 min. in 
sorbent tube. 

TO-11A Method 
by GC/MS. 

8.0 - 4.0 
Butyric Acid Rancid 0.33 0.68 – 0.34 
Nonanoic Acid Rancid 3.1 0.38 – 0.19 
Isobutyric Acid  Sweat 1.5 0.68 - 0.34 
Hexanoic Acid  Rancid, Sour 0.6 0.52 – 0.26 
2-Methylbutanoic 
Acid 

  0.58 – 0.29 

2-Ethylhexanoic Acid   0.42 – 0.21 
Reduced Sulfur 
Compounds 

Carbonyl Sulfide Sulfide 55 Grab sample into 
1 L Tedlar bag. 

ASTM D5504 
Method by 
Modified GC/SCD 
with sulfur 
chemiluminescence 
detection. 

5.0 
Carbon Disulfide Rotten Egg 0.09 5.0 
Methyl Mercaptan Rotten Vegetable 0.020 5.0 
Dimethyl Disulfide Rotten Vegetable 0.026 2.5 
Dimethyl Sulfide Canned Corn 0.99 5.0 
Hydrogen Sulfide Rotten Egg 0.5 5.0 
Dimethyl Trisulfide Rotten Garlic 0.001 2.5 
tert-Butyl Mercaptan Skunky 0.029 5.0 
n-Propyl Mercaptan Onion 0.075 5.0 

Amines Trimethylamine Fishy 0.33 1.0 L/min rate for 
100 – 200 min. in 
sorbent tube. 
*0.2 L/min rate. 

CAS 101/TO-17 
Method by 
Modified GC/NPD 
*OSHA 60M. 

4.1 - 2.1 
Methylamine*  19.89 0.0078 - 0.0039 

Ammonia Ammonia Ammonia 38.28 0.5 L/min rate 
for 60 min. 

OSHA ID-188/ID-
164. 

0.26 

1 (Ruth, 1986) 2 A range in MRL indicates the doubling of volume captured in sorbent tubes. 
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C.3. Sensory Evaluations 

 

Dynamic olfactometry was completed to determine the Dilution to Threshold ratio (DT) 

by St. Croix Sensory, Inc. (Stillwater, MN) using ASTM E679, EN 13725 and ASTM E544 

(ASTM, 2011; CEN, 2003). DT uses a trained human panel forced to choose between two blanks 

and a progressively diluted odor sample to the point where 50% of the panel cannot detect the 

total odor in the sample.  

The Odor Profile Method (Burlingame, 2009; Burlingame, 1999) was completed at the 

University of California, Los Angeles (UCLA) by an expert panel. OPM is a modification of 

Standard Method 2170: the Flavor Profile Analysis Method (FPA) (APHA, 2012). The FPA 

Method has been used in the drinking water industry since 1980’s to characterize odor sources 

and identify analytical methods to understand odor problems (Suffet et al., 1988). The panelists 

were taught to identify multiple odor characters and their respective intensities in a single 

sample.  

The OPM in this study used the Wastewater Odor Wheel (Figure 7-1) to standardize the 

training and terminology used for odor character descriptors. Panelists were trained to become 

experts in WWTP odors using the odorants listed in Table 7-3. The odorants were prepared by 

using a small amount of the headspace over the pure chemicals injected into a Tedlar bag with 

odor free air. The odor intensity is evaluated using the FPA Method’s odor intensity scale given 

in Table 7-4. This seven point odor intensity scale was shown to be appropriate for use in air by 

Curren et al. (2014). Panelists were trained to distinguish odor mixtures of 2, 3, and 4 odorants 

and are asked to identify the odor characteristics and the intensity of each odorant. With this 

process, an odor panel, composed of 4-12 individuals was trained to choose odors and 
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appropriate intensities to analyze actual odor samples thereby able to identify complex odor 

mixtures in real life situations. 

If a given odor character is reported by greater than 50% of a panel, the odor intensity of 

that character is given an average and standard deviation. If the odor character is reported by less 

than 50% of the panel, it is considered an odor note. OPM characters are sometimes grouped 

together into broader categories to better understand the type of analytical sampling that may be 

necessary to find the individual compounds responsible for the total odor. In this study, the 

groups of rotten vegetable/canned corn/sulfide (group called Rot Veg), rotten garlic, 

musty/earthy/moldy (group called Musty), and fecal/sewery/manure/rubbery (group called Fecal) 

were used for improved interpretation of results and the chemical analysis selection. Discussion 

of chemical analysis for musty/earthy/moldy and fecal/sewery/rubbery are discussed in another 

paper. 

Table 7-4 shows the level of odor intensity at a given source and its relationship to the 

possibility of offsite nuisance odors. As can be seen, odor intensities of 4 and above as reported 

for a given odor character by a panel are most certainly a problem offsite. The average and 

standard deviation (SD) of intensity for an odor character of the 4 panelists are reported. Thus, 

for example, an odor character can be reported as 3 ± SD. Thus, a 3 on the odor scale can be 

interpreted to be somewhere between a 2 and 4. An intensity of 3 would indicate that more 

sensitive neighbors would recognize the odor and may start to complain. The distances to offsite 

neighbors, the weather conditions, and the wind direction and velocity will change the likelihood 

of an odor nuisance to neighbors. However, a determination of an odor intensity of 3 to 4 for a 

particular odor character from a given plant location will be used in this evaluation as a decision 

point for treatment.  
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The olfactometer data, shown in chapter 6, demonstrated that many malodorous 

compounds have low odor thresholds and cover large concentration ranges. This means that the 

compounds continue to have high odor intensities at low concentrations and dilute out slowly as 

the odors are released into the atmosphere. The results of the OPM can be very helpful in 

predicting off-site odor problems and in the selection of chemical analysis techniques. 

 

Table 7-3: Odorants used in OPM Training 

Odorant Odor 
2-Methylisoborneol Musty 
Geosmin Earthy 
2,4,6-Trichloroanisole Moldy 
Nonanal Hay 
Limonene Lemon 
Cis-3-Hexenol Grassy 
Dimethyl Sulfide Canned Corn 
Dimethyl Disulfide Rotten Vegetable 
Dimethyl Trisulfide Rotten Garlic 
Hydrogen Sulfide Rotten Egg 
Butyric Acid Rancid 
Acetic Acid Vinegar 
Acetaldehyde Sour Fruit 
Trimethylamine Fishy 
Ammonia (Ammonium Hydroxide) Ammonia 
Skatole Fecal/Manure 
Indole Mothballs/Sewery 
Cadaverine Dead Body 
Styrene Glue 
Toluene Solventy 
Cresol Medicinal 
Chlorine (Sodium Hypochlorite) Chlorine 
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Table 7-4: Flavor Profile Analysis Odor Intensity Strength Scale (APHA, 2012) 

Point of 
the Scale 

Flavor 
Reference 
Standard 

(% Sugar in 
Water) 

Strength Expected Off-Site Odor Problems From 
Wastewater Plant Odors  

0 0 % Odor free None 
1  Threshold Very Few 
2  Very Weak Unlikely Off-Site Complaints 
41 5 % Weak Probable Off-Site Odors 

-Recognition of Odor Character- 
(Complaints Begin by Off-site Neighbors) 

6  Weak-Moderate Definite Off-Site Odors 
-Objection of Odors- 

(Complaints by Off-site Neighbors) 
8 10 % Moderate Definite Off-Site Odor Complaints 
10  Moderate-Strong Definite Off-Site Odor Complaints 
12 15 % Very Strong Definite Off-Site Odor Complaints 

1 Values of 3 can be obtained in data analysis of OPM results. An average odor intensity of 3 is 
has been shown to be an action point where plant operators should act to control odors in order to 
avoid off-site complaints by neighbors. In the drinking water industry, a value of 3 in the FPA 
method has been shown to be a point where plant operators must control taste and odors to avoid 
community nuisance complaints (Suffet et al., 1995).  
 

D. Results and Discussion  

 

D.1. Plant 1 

 

D.1.a. Identification of Most Detectable Odorants & Treatments Effectiveness 

 

 The objective of this section is to identify the most detectable odorants at Plant 1 and the 

effectiveness of treatment of those odorants. The most detectable odorants are not simply the 

odorants present at the highest concentration but those that pose the greatest nuisance. The 
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greatest nuisance posed by odorants can be expressed by looking the frequency of the appearance 

of odorants, their concentration, and the odor concentration/odor threshold concentration ratio 

(OC/OTC). The most detectable odorants and the ability of existing treatment technologies at 

Plant 1 to eliminate those odorants are discussed in this section as well. 
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Table 7-5: Plant 1 Worst Case Data- Headworks and Primaries 

 

 
 
 
 
 
 
 
 

Units
OTC 

(ppbV) Odor
Headworks 

#2 IN
Headworks 

#2 OUT
Headworks 

#4 IN
Headworks 

#4 OUT
Primary 

#7/#5 IN
Primary 

#7/#5 OUT
Primary 

#8/#6 IN
Primary 

#8/#6 OUT
Ammonia 38.28 Ammonia 9.7 7.6 12 7.8
Acetic Acid 1019 Vinegar 0.0046 0.0061 0.0053 0.0051
Isobutyric Acid 1.5 Sweat 0.28
Butanoic Acid 0.33 Rancid 9.4 3.3
Hexanoic Acid 0.6 Rancid, Sour 1 0.88
Nonanoic Acid 3.1 Rancid 0.071
Trimethylamine 0.33 Fishy
Hydrogen Sulfide 0.5 Rotten Egg 6000 130 9400 1300 3600 280 4000 440
Carbonyl Sulfide 55 Sulfide 0.22 0.25 0.78 0.31 1.4 1.2 1 1
Methyl Mercaptan 0.02 Rotten Vegetable 7500 1400 14000 4000 3200 2600 6000 2600
Dimethyl Sulfide 0.99 Canned Corn 7.5 32 9.1 20 21 0
Carbon Disulfide 0.09 Rotten Egg 110 39 170 160 140 160
Dimethyl Disulfide 0.026 Rotten Vegetable 650 0 120 0
DT DT 4300 770 15000 2600 7500 2600 7000 1900
Total Reduced Sulfide ppbV 3169.4 109 5072 778.5 1976 273 2213 343
Rotten 
Vegetable/Canned 
Corn/Sulfide 5.2±3.0 3.0±2.1 5.7±1.5 5.0±3.3 4.5±3.0 4.0±2.8 5.6±3.6 1.8±2.0
Rotten Garlic 0 0 3.7±2.3 0 0 0 0 0
Earthy/Musty/Moldy 2.4±1.7 2.7±3.3 Odor Note 3.0±2.4 2.0±0.0 Odor Note Odor Note 0
Fecal/Sewery/Manure
/Rubbery 6.8±2.3 3.7±1.5 5.7±3.2 3.3±2.7 5.0±1.2 3.0±2.6 4.8±3.6 3.8±2.3

Conc/OTC

OPM Intensity
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Table 7-6: Plant 1 Average Data- Headworks and Primaries 
 

 

Units
OTC 

(ppbV) Odor
Headworks 

#2 IN
Headworks 

#2 OUT
Headworks 

#4 IN
Headworks 

#4 OUT
Primary 

#7/#5 IN
Primary 

#7/#5 OUT
Primary 

#8/#6 IN
Primary 

#8/#6 OUT
Ammonia 38.28 Ammonia 120±210 97±170 160±270 100±170
Acetic Acid 1019 Vinegar 0.94±2.1 1.2±2.8 1.1±2.4 1±2.3
Isobutyric Acid 1.5 Sweat 0.08±0.19
Butanoic Acid 0.33 Rancid 1.6±2.2 0.55±0.78
Hexanoic Acid 0.6 Rancid, Sour 0.31±0.43 0.27±0.37
Nonanoic Acid 3.1 Rancid 0.04±0.1
2-Methylbutanoic Acid 0.07±0.16
2-Ethylhexanoic Acid 0.05±0.11
Trimethylamine 0.33 Fishy
Hydrogen Sulfide 0.5 Rotten Egg 1200±1000 27±27 1600±2000 230±260 900±660 58±67 1500±430 120±100
Carbonyl Sulfide 55 Sulfide 25±8.8 28±8.6 54±15 46±16 38±30 38±25 55±23 58±21
Methyl Mercaptan 0.02 Rotten Vegetable 76±43 11±12 250±57 140±83 64±56 21±29 90±46 32±29
Dimethyl Sulfide 0.99 Canned Corn 7.9±1.9 30±5.4 16±14 12±9.4 18±4.5
Carbon Disulfide 0.09 Rotten Egg 2.9±1.8 3.7±2.2 13±5.3 12±4.9 7.8±5.8 9.0±5.8 13±3.0 14±3.0
Dimethyl Disulfide 0.026 Rotten Vegetable 1.6±3.5 15±7.7 8.6±9.5 0.62±1.4 0.60±1.3
DT DT 2800±1500 440±250 560±5300 2300±340 4500±2800 1200±1000 4900±1600 1200±600
Total Reduced Sulfide ppbV 1300±1100 69±32 2000±2100 460±210 1000±740 130±110 1700±440 220±120
Rotten 
Vegetable/Canned 
Corn/Sulfide 3.5±2.3 1.1±1.5 3.5±2.5 2.3±2.2 3.1±2.0 1.7±1.7 2.5±2.5 1.3±1.2
Rotten Garlic 0.9±2.0 0.3±0.7 0.7±1.7 0.3±0.7 0.5±1.1 0.0±0.0 0.0±0.0 0.0±0.0
Earthy/Musty/Moldy 1.3±1.2 1.5±1.5 1.3±1.9 2.0±1.2 0.7±1.0 0.3±0.7 1.1±1.9 0.7±1.0
Fecal/Sewery/Manure/
Rubbery 4.2±2.8 1.3±1.8 5.2±0.5 2.9±1.8 3.0±1.9 2.8±1.7 3.8±1.4 1.1±1.7

ppbV

OPM Intensity
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D.1.a.1. Headworks of Plant 1 

 

 The Headworks at Plant 1 uses conventional chemical scrubbing to treat odors as shown 

in Equations 7-1 and 7-2. This type of treatment is designed to remove hydrogen sulfide 

effectively (Chen et al., 2001). Table 7-5 presents the worst-case scenario for odor 

concentrations/odor thresholds, total reduced sulfide, DT, and OPM values at Plant 1. Table 7-6 

gives the averages and standard deviations for the same types of data. The OPM results indicate 

that rotten vegetable/canned corn/sulfide odors (Rot Veg), fecal/sewery/manure/rubbery (Fecal), 

and musty/earthy/moldy (Musty) odor are present at all Headworks locations. Rot Veg odors 

indicate the presence of sulfide compounds as shown on the Wastewater Odor Wheel (Figure 7-

1) and in Tables 7-1 and 7-2. Musty odors indicate the presence of compounds such as 2-

methylisoborneol (MIB) and isopropyl methoxypyrazine (IPMP) as shown on the Wastewater 

Odor Wheel (Figure 7-1). GC-MS methods for detection and quantitation of these compounds 

exist (Wang and Suffet, 2006). Fecal odors indicate the possible presence of indole, skatole or 

other fecal smelling compounds as shown on the Wastewater Odor Wheel (Figure 7-1). The 

quantitation of such compounds is very difficult and has been done in a very limited manner in 

only wastewater itself (Hwang et al., 1995). The determination of fecal type in air has not been 

generally developed.  

As can be seen in Figure 7-4, the OPM values are generally greater than 3 indicating a 

probably offsite odor nuisance at both the inlets and outlets of the headworks. Headworks #2 is 

removing Rot Veg at 85±30% (p=0.0109), Musty at 39±59% (p>0.05), and Fecal at 66±41% 

(p=0.0491). Headworks #4 is removing Rot Veg at 45±37% (p>0.05), Musty at 2±74% (p>0.05), 

and Fecal at 44±34% (p=0.0433). P-values of 0.05 or less indicate statistical significance based 



 

216 
 

upon the results of the exploration of the null hypothesis for 0% removal using a student t-test. If 

a p-value is 0.05 or less, one should reject the null hypothesis that the treatment is not removing 

any of the given odorant in favor of an alternative hypothesis that the average percent removal 

given is truly occurring. Removal percentages are based upon the removal on a given day 

averaged across all weeks of measurement.  

Not surprisingly given the results of the OPM (Figure 7-4), the most detectable odorants 

for Headworks #2 In/Out and Headworks #4 In/Out are methyl mercaptan (MM) and hydrogen 

sulfide (H2S) respectively. Carboxylic acids and amines were only detected sporadically and 

were all below odor threshold concentrations, which is in accordance with the OPM that did not 

show rancid or amine type odors. The worst-case ratios of odorant concentration/odor threshold 

concentration (OC/OTC) for methyl mercaptan are 7500 for Headworks #2 In, 1400 for 

Headworks #2 Out, 14000 for Headworks #4 In, and 4000 for Headworks #4 Out. The OC/OTC 

ratios for hydrogen sulfide are 6000 for Headworks #2 In, 130 for Headworks #2 Out, 9400 for 

Headworks #4 In, and 1300 for Headworks #4 Out. Headworks #2 is removing 86±13% MM 

(p=0.0001) and 98±2% (p<0.0001) H2S. Headworks #4 is removing 39±33% MM (p>0.05) and 

20±89% (p>0.05) H2S. Total reduced sulfide compounds show similar trends to those of the 

most detectable odorants.  

Based upon the removal percentages and their significance, Headworks #2 is working 

fairly well at removal of Rot Veg odors, Fecal odors, MM, and H2S. Headworks #4, on the other 

hand, is poorly removing all OPM odors and odorous compounds at levels of less than 50% 

which are not statistically significant. DT values for both inlet and outlet of Headworks #2 and 

Headworks #4 exceed 300 indicating a probable off-site nuisance as well based upon the 

nuisance level determined in a previous OSCD Odor Control Master Plan. DT at Headworks #2 
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shows 79±14% removal (p= 0.0002) and 40±30% removal (p= 0.0413). Clearly Headworks #2 is 

working better, but one must note that the average inlet concentrations at Headworks #4 are 

higher than those at Headworks #2 so the treatment capacity may have been exceeded at 

Headworks #4. Figures 7-5, 7-6, 7-7, and 7-8 also illustrate the better treatment ability of 

Headworks #2 over Headworks #4 and shows that there is still a large amount of odor remaining 

following the treatment processes. The pie charts show the proportions of reduced sulfide 

compounds on the most odorous day (Figures 7-5, 7-6, 7-7, and 7-8). The size of the pie chart 

decrease following treatment is representative of the proportional decrease in DT.  

 

 

Figure 7-4: Plant 1 Headworks Worst Case OPM Results 
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Figure 7-5: Plant 1 Headworks #2 In- Reduced Sulfide Compound Proportions 

 

 

Figure 7-6: Plant 1 Headworks #2 Out- Reduced Sulfide Compound Proportions 
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Figure 7-7: Plant 1 Headworks #4 In- Reduced Sulfide Compound Proportions 

 

 

Figure 7-8: Plant 1 Headworks #4 Out- Reduced Sulfide Compound Proportions 

 

D.1.a.2. Primary Treatment Facilities of Plant 1 

 

The Primary Treatment Facilities at Plant 1 also use the same conventional chemical 

scrubbing to treat odors as employed at the Headworks. The OPM results indicate that Rot Veg 

and Fecal odors are present at all Primaries locations. There are some odor notes of Musty, but 

these are unlikely to present an off-site problem. As can be seen in Table 7-5, the OPM values 
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are generally greater than 3 for Rot Veg and Fecal indicating a probable offsite odor nuisance at 

both the inlets and outlets of the primaries. Primary #7/#5 is removing Rot Veg at 52±37% 

(p>0.05) and Fecal at 23±67% (p>0.05). Primary #8/#6 is removing Rot Veg at 64±31% 

(p>0.05) and Fecal at 78±34% (p=0.0065). Fecal odors are being significantly removed by 

Primary #8/#6 but other OPM data is not statistically significant. 

Not surprisingly given the results of the OPM, the most detectable odorants for the 

primaries are methyl mercaptan (MM) and hydrogen sulfide (H2S). Carbon disulfide was also a 

fairly substantial odorant contributor at the primaries. Carboxylic acids and amines were 

typically below odor threshold concentrations, which is in accordance with the OPM that did not 

show rancid or amine type odors. Ammonia was found at all primaries locations but the OC/OTC 

ratios were orders of magnitude below the sulfide compounds so it is unlikely that the ammonia 

was a significant contributor to the total odor. The worst-case OC/OTC ratios for methyl 

mercaptan are 3200 for Primary #7/#5 In, 2600 for Primary #7/#5 Out, 6000 for Primary #8/#6 

In, and 2600 for Primary #8/#6 Out. The worst-case OC/OTC ratios for hydrogen sulfide are 

3600 for Primary #7/#5 In, 280 for Primary #7/#5 Out, 4000 for Primary #8/#6 In, and 440 for 

Primary #8/#6 Out. Primary #7/#5 is removing 82±25% MM (p=0.0017) and 93±6% (p<0.0001) 

H2S. Primary #8/#6 is removing 68±19% MM (p=0.0013) and 93±5% (p<0.0001) H2S. Total 

reduced sulfide compounds show similar trends to those of the most detectable odorants.  

Based upon the removal percentages and their significance, the primaries are reducing the 

concentrations of reduced sulfide compounds but there is still quite a bit of odor remaining 

following treatment. While, DT values decrease following primaries treatment, the DT for both 

outlets greatly exceeds 300 and the OPM values show similar trends, odor intensity values 

generally exceed 3 in the outlet, indicating a probable off-site nuisance. DT at Primaries #7/#5 
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shows 72±17% removal (p= 0.0007) and 77±8% removal at Primaries #8/#6 (p<0.0001). Once 

again, the primaries show similar treatment trends as can be seen in Figures 7-9, 7-10, 7-11, and 

7-12. Illustrated in Figure 7-10 is a particularly important concept, on the day where the DT was 

the highest in the inlet of Primary #7/#5, the sulfide compounds were completely removed by the 

treatment, hence the lack of circle in Figure 7-10, but a great deal of DT still remained. From an 

examination of the OPM data on this day (Baseline), the remaining DT was due to Fecal odors 

rather than those from sulfide compounds. This demonstrates the disadvantage of using only DT 

as a measure of odor problem. 

 

 

Figure 7-9: Plant 1 Primary #7/#5 In- Reduced Sulfide Compound Proportions 
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Figure 7-10: Plant 1 Primary #7/#5 Out- Reduced Sulfide Compound Proportions 

 

 

Figure 7-11: Plant 1 Primary #8/#6 In- Reduced Sulfide Compound Proportions 
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Figure 7-12: Plant 1 Primary #8/#6 Out- Reduced Sulfide Compound Proportions 
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Table 7-7: Plant 1 Worst Case Data- Other Locations 

 

  

Units
OTC 

(ppbV) Odor
Trickling 
Filter #1

Trickling 
Filter #2

Wastehauler 
IN

Wastehauler 
OUT

Truck 
Loading Dewatering

Activated 
Sludge DAFTs IN

Ammonia 38.28 Ammonia 12 8.4 200 81
Acetic Acid 1019 Vinegar
Isobutyric Acid 1.5 Sweat
Butanoic Acid 0.33 Rancid
Hexanoic Acid 0.6 Rancid, Sour
Nonanoic Acid 3.1 Rancid
Trimethylamine 0.33 Fishy 8.5 26
Hydrogen Sulfide 0.5 Rotten Egg 16 19 38000 34 16
Carbonyl Sulfide 55 Sulfide 0 0 0 0 0.14
Methyl Mercaptan 0.02 Rotten Vegetable 700 700 18000 650 20000 600
Dimethyl Sulfide 0.99 Canned Corn 26 17 0 440 5.5
Carbon Disulfide 0.09 Rotten Egg 77 0 460 52 66
Dimethyl Disulfide 0.026 Rotten Vegetable 850
DT DT 700 700 12000 320 5600 550 630 150
Total Reduced Sulfide ppbV 81 48 19414 273 869 13 39 0
Rotten 
Vegetable/Canned 
Corn/Sulfide 3.0±3.8 4.0±2.4 Odor Note 4.5±1.9 9.7±2.7 4.5±3.4 3.5±2.5 3.3±2.7
Rotten Garlic 0 0 4.3±3.4 2.0±2.3 Odor Note 0 0 0
Earthy/Musty/Moldy 3.5±3.4 4.0±3.2 Odor Note Odor Note 4.0±3.7 3.5±2.5 3.5±1.0 3.3±2.7
Fecal/Sewery/Manure
/Rubbery 2.5±3.0 3.2±3.0 4.3±3.4 2.0±2.3 8.0±4.2 7.0±2.0 Odor Note Odor Note

OPM Intensity

Conc/OTC
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Table 7-8: Plant 1 Average Data- Other Locations 

 

 

Units
OTC 

(ppbV) Odor
Trickling 
Filter #1

Trickling 
Filter #2

Wastehauler 
IN

Wastehauler 
OUT

Truck 
Loading Dewatering

Activated 
Sludge DAFTs IN

Ammonia 38.28 Ammonia 90±200 80±160 6100±1300 2100±960
Acetic Acid 1019 Vinegar
Isobutyric Acid 1.5 Sweat
Butanoic Acid 0.33 Rancid
Hexanoic Acid 0.6 Rancid, Sour
Nonanoic Acid 3.1 Rancid
2-Methylbutanoic Acid
2-Ethylhexanoic Acid
Trimethylamine 0.33 Fishy 0.7±1.4
Hydrogen Sulfide 0.5 Rotten Egg 5.5±4.4 7.2±5.6 4700±8100 21±19 6.0±5.8 4.5±4.2
Carbonyl Sulfide 55 Sulfide 10±8.8 8.3±6.9 5.8±5.7 4.5±7.0 3.2±4.4
Methyl Mercaptan 0.02 Rotten Vegetable 7.3±6.8 8.5±6.5 580±1000 2.6±5.8 170±150 5.3±5.4
Dimethyl Sulfide 0.99 Canned Corn 15±11 13±13 2.6±3.6 280±200 3.7±3.4
Carbon Disulfide 0.09 Rotten Egg 3.3±2.7 1.8±2.8 11±18 0.94±2.1 1.7±2.6
Dimethyl Disulfide 0.026 Rotten Vegetable 14±11
DT DT 430±220 380±340 3300±4900 170±140 2800±1700 390±110 330±180 120±32
Total Reduced Sulfide ppbV 41±29 39±34 5300±8100 8.0±15 480±360 6.0±5.8 18±16
Rotten 
Vegetable/Canned 
Corn/Sulfide 1.2±1.6 2.0±1.9 2.2±2.2 0.9±2.0 4.2±4.7 1.5±2.1 1.4±1.9 1.2±1.6
Rotten Garlic 0.4±0.9 0.5±1.1 0.9±1.9 0.4±0.9 0.6±1.3 0.0±0.0 0.0±0.0 0.0±0.0
Earthy/Musty/Moldy 3.6±0.5 3.1±0.6 0.0±0.0 0.5±1.1 2.2±2.3 2.9±1.7 2.8±1.8 2.7±1.1
Fecal/Sewery/Manure/
Rubbery 1.2±1.2 1.6±1.8 4.1±1.3 0.9±0.9 7.3±1.4 6.3±0.8 1.5±1.8 1.0±1.0

OPM Intensity

ppbV
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D.1.a.3. Trickling Filters of Plant 1 

 

The trickling filters are very similar in their profiles as shown in Figure 7-13. Worst case 

and average data are given in Tables 7-7 and 7-8. Trickling Filter #2 appears to be a slightly 

more odorous location than Trickling Filter #1, but the compositions are similar with Rot Veg, 

Musty, and Fecal all playing a role in composing the total odor at the location. The OPM 

intensities of these odors may cause an off-site nuisance, but these locations are much less 

intense than the Headworks or Primaries where OPM average intensities of 4 or 5 are 

commonplace. Methyl mercaptan is the most detectable odorant at the tricking filters with an 

OC/OTC ratio of 700 in both cases. The ratios of all other compounds including ammonia are an 

odor of magnitude lower than that of MM. The greatest DT at both sites was 700 indicating the 

possibility of off-site odors. The trickling filter location has a complex composition and while 

MM is the most detectable odorant that was measured for the sulfides, carboxylic acids, and 

amines, it is likely that a great deal of the odor at this location is due to compounds leading to 

Musty and Fecal odors. A treatment targeting only methyl mercaptan would not be 

recommended at this location, as it is likely to only address one-third of the problem. The OPM 

here shows the importance of Musty odors in secondary treatment. The DT shows that while 

sulfide odors do not dominate this location, Musty odors may be a significant controller of the 

DT. 
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Figure 7-13: Trickling Filter OPM Distribution 

 

D.1.b.4. Wastehauler Area of Plant 1 

 

A small Biorem biofilter is used to treat the Wastehauler. Figure 7-14 shows that the 

Wastehauler generally functions well to remove Rot Veg, Rotten garlic (Rot Garlic), and Fecal 

odors. Week 3, the treatment was not working as well, but with that exception, a great deal of 

odor is removed by the treatment process. The outlet of the Wastehauler, during proper 

performance, is unlikely to cause an offsite nuisance. The Wastehauler is removing Rot Veg at 

100±0% (p<0.0001) and Fecal at 77±22% (p=0.0014).  

The Wastehauler inlet has the highest OC/OTC ratios for H2S (38000), MM (18000), and 

carbon disulfide (460) other than Truck Loading Area. These odors are quite well removed by 

the treatment. The Wastehauler Outlet has much lower OC/OTC ratios H2S (0), MM (650), and 

carbon disulfide (52). Primary #7/#5 is removing 82±25% MM (p=0.0017) and 93±6% 

(p<0.0001) H2S. The Wastehauler is removing greater than 99.99±0% MM (p<0.0001), 100±0% 
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(p<0.0001) H2S, and 84±22% MM (p>0.05). Total reduced sulfide compounds show similar 

trends to those of the most detectable odorants clearly indicating that the Wastehauler 

successfully treats sulfide odors. The average DT in the outlet is generally below that which 

would be detected offsite as was shown with the OPM data. Figure 7-15 and 7-16 further 

demonstrate the effectiveness of the Wastehauler treatment. This analysis assumes that the 

Biorem biofilter will not be overloaded during its operation. More capacity for the process 

should be considered given the substantial remaining odor during week 3 (Figure 7-14). 

 

 

Figure 7-14: Wastehauler OPM throughout the Study 
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Figure 7-15: Plant 1 Wastehauler In- Reduced Sulfide Compound Proportions 

 

 

Figure 7-16: Plant 1 Wastehauler Out- Reduced Sulfide Compound Proportions 

 

D.1.a.5. Dissolved Air Floatation Treatment of Plant 1 

 

Dissolved Air Floatation Treatment (DAFTs) was consistently found to be a site with low 

Rot Veg and Musty odors. Sulfides were not detected at DAFTs and the suspected odorants are 

thought to be those such a Musty odor (e.g. from MIB) or sulfur compounds that may have odor 

threshold concentrations below the method reporting limits such as dimethyl trisulfide.  
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D.1.a.6. Dewatering Facility of Plant 1 

 

The most detectable chemical odorants at the Dewatering Facility were trimethylamine 

(OC/OTC ratio of 26) and ammonia (OC/OTC ratio of 81). The OPM found Fecal, Musty, and 

Rot Veg numbers so staggeringly high at this location that these types of odors may have 

completely overwhelmed the trimethylamine and ammonia. Compounds leading to Fecal and 

Musty odors are certainly also critical odorants at this location. Dewatering is a critical area for 

the implementation of treatment due to the staggering odor concentrations such Fecal odors as 

high as an intensity of 7 (Figure 7-17). 

 

D.1.a.7. Truck Loading Area of Plant 1 

 

The worst site at either of the two OCSD plants was Truck Loading. Truck Loading was 

characterized by massive OPM numbers in all categories, especially Rot Veg and Fecal. 

Exceedingly large ratios OC/OTC ratios of MM (20,000), dimethyl disulfide (850), dimethyl 

sulfide (440), and ammonia (200) were found on the worst day at Truck Loading. A key finding 

here is bearing in mind the OPM data, it would clearly be insufficient to base a treatment 

technology solely upon reduced sulfide compounds, were sulfide compounds eliminated, another 

odorant would take its place. Truck Loading is likely a huge problem for any residences 

downwind. Additionally, the types of compounds found at Truck Loading indicate longer 

detention time and more biological processing of sulfur containing amino acids (Lomans et al., 

2002). 
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D.1.a.8. Activated Sludge Area of Plant 1 

 

Activated Sludge was composed mainly of Rot Veg and Musty odors. MM was the most 

detectable odorant once again at a OC/OTC ratio of 600. At Plant 1, there were two types of 

activated sludge basins, covered and uncovered. The site sampled at Plant 1 was a covered basin. 

At Plant 1, there are 10 uncovered Activated Sludge basins. The odor composition could be 

different in the uncovered basins and that should be considered in modeling. It should be 

remembered that odor sampling only accounts for one individual basin and is not representative 

of the total odor from that source. The number of basins should be factored into the calculation 

of the odor from any given source, for instance, the OC/OTC ratio of Activated Sludge methyl 

mercaptan should actually be considered as 600 times 16 basins. 

 

 

Figure 7-17: OPM Distribution for Miscellaneous Sites at Plant 1   
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D.1.b. Identification of Most Odorous Outlet Sites at Plant 1 

 

The objective of this section is to evaluate which sites at Plant 1 are the most odorous. 

The outlets of existing treatment technologies and those odorous locations without treatment 

were evaluated. Depending upon the data used, the concept of which plant sites are the most 

odorous changes. If a combination of OPM, DT, and chemical data are used, one can get a 

picture of some of the most problematic sites that need odor control technologies. Many of these 

sites already have existing technologies that are either, addressing only some components of inlet 

odor, or are completely ill suited to the types of compounds at that location. The treatment 

technologies used should depend on addressing the most detectable odorants but with a firm 

understanding that the method detection limit may make chemical detection of certain odorants 

impossible at concentrations where they may still provide a nuisance. Some compounds such as 

dimethyl trisulfide (Rot Garlic odor) and skatole (Fecal odor), have very low odor threshold 

concentrations that are below most conventional volatile compound air method detection limits. 

In these circumstances, techniques such as OPM and DT must be used to measure the 

effectiveness of treatment technologies. One must remember that if a compound was not 

measured, it will not appear to be a “most detectable odorant.”  

Worst-case and average data from Tables 7-5 & 7-7 and from Tables 7-6 & 7-8, 

respectively, were used to create Table 7-9. Table 7-9 shows the most odorous outlet sites at 

Plant 1. There are major consistencies in the table and sites that appear from all types of 

evaluation need major attention to avoid odor nuisance complaints. The following sites appear to 

be the most odorous sites across all methods of evaluation: 

• Truck Loading 
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• Headworks #4 Out 

• Primary Treatment Facilities 

• Dewatering Facilities 

• Trickling Filters  

 

The Headworks and Primary Treatment Facilities both use chemical scrubbing 

technology that does not appear to be adequate for the loading of the compounds at those 

locations. The chemical scrubbing is targeted towards hydrogen sulfide and both sites have 

methyl mercaptan as major odorants as well as fecal compounds, which would not be as 

effectively treated. Headworks #4 has a higher loading than Headworks #2, which is also 

important to consider in the odor control technology application. The capacity of the odor control 

technology needs to be able to handle peaks in loading of inlet air.  

Also important to consider, is the concept that the odorous sites measured are one 

location of a particular type of site for example Primary #P. When thinking about off site 

complaints, one must think not only about the odor of Primary #P at the outlet but how many 

Primaries there are and the similarity of the odor composition of the different Primaries each 

have similar odor composition. The offsite odor is not just dependent on the location itself but 

also the multiplicity of the location within the given site.  
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Table 7-9: Most Odorous Outlet Sites at Plant 1 

Ranking Detection to 
Threshold 

Odor Profile 
Method 

Total Reduced 
Sulfide 

Concentration to 
OTC Ratios 

1 Truck Loading Truck Loading Truck Loading Truck Loading 
2 Headworks #4 

Out 
Dewatering Headworks #4 

Out 
Headworks #4 
Out 

3 Primaries Out Trickling 
Filters 

Primary #8/#6 
Out 

Primaries Out 

 

D.1.c. Process Changes at Plant 1 

 

There were several days where process changes were implemented on purpose or 

accidentally that were thought to possibly affect the odors at various sites at Plant 1. On 9/23/13, 

the peroxide at the trunklines was shutoff. Peroxide is used supposedly to help control odors. 

9/23/13 was the most odorous day at the majority of the Headworks locations for reduced sulfide 

compounds indicating the likelihood that the peroxide is helping to control odors. One should 

bear in mind that the peroxide may prevent on site concentrations of hydrogen sulfide from 

getting to an unsafe level during high loading and that shutting off this process may be ill 

advised from a safety perspective. On 9/11/23, the #10 scrubber at the trunklines failed but this 

did not appear to affect the odors at the Headworks. On 8/29/13, Headworks #4 was operated 

with just bleach without the use of caustic. The outlet of Headworks #4 did not appear any worse 

on that day than other days.  On 9/24/13, the trunkline peroxide was shutoff, this did not appear 

the affect the inlet loading of the Primaries. On 9/12/13, the bleach at Primary #7/#8 was 

malfunctioning leading to over-bleaching, this did not appear to affect the odors on that day. On 

8/27/13, the Wastehauler sample was taken when trucks were not unloading and hence the inlet 

loadings were unusually low that day. On 9/26/13, the Truck Loading samples were taken at 4am 
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when more trucks are loading material and hence this was one of the most odorous days at that 

location. 

 

D.1.d. Safety of Odorous Compounds at Plant 1 

  

 Most odor treatment technologies target hydrogen sulfide for two reasons. The first 

reason is for safety, hydrogen sulfide can be lethal or damaging at concentrations that have been 

seen at poorly managed wastewater treatment plants (Fuller and Suruda, 2000). The second 

reason is that hydrogen sulfide is an easily detectable odorous compound that is typically seen at 

high concentrations at WWTPs. The results in this chapter have shown that there are other major 

odorants that need to be controlled by odor treatment technologies, and the safety of those 

compounds should be considered too. Based upon the average data (Tables 7-6 and 7-8), all 

compounds including hydrogen sulfide and methyl mercaptan are found at concentrations below 

their regulatory limits even at the inlet of a given source (Rosenfeld et al., 2007). Based on this 

assessment, odor control technologies can be focused on odor control of compounds without 

safety of these compounds being a larger issue. The same trends were seen at Plant 2. 

 

D.2. Plant 2 

 

D.2.a. Identification of Most Detectable Odorants & Treatment Effectiveness 

 

 The objective of this section is to identify the most detectable odorants at Plant 2 and the 

effectiveness of treatment of those odorants through existing treatment technologies. This 
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objective is examined through the frequency of the appearance of odorants, their concentration, 

and their OC/OTC ratios. 
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Table 7-10: Plant 2 Worst Case Data- Headworks and Primaries 

  

Units
OTC 
(ppbV) Odor

Trunkline 
Bio #1 IN

Trunkline 
Bio #1 OUT

Headworks Bio 
#8/#12 IN

Headworks Bio 
#8/#12 OUT

Headworks Chem 
#4/#3 OUT

Primary #P 
IN

Primary #P 
OUT

Ammonia 38.28 Ammonia 6.8
Isobutyric Acid 1.5 Sweat
Trimethylamine 0.33 Fishy
Hydrogen Sulfide 0.5 Rotten Egg 14000 700 1200 480 4200 740
Carbonyl Sulfide 55 Sulfide 0.58 1.1 0.18
Methyl Mercaptan 0.02 Rotten Vegetable 27000 39000 8000 4900 5000 2100
Dimethyl Sulfide 0.99 Canned Corn 39 59 12 9.3 8.9
Carbon Disulfide 0.09 Rotten Egg 74 120 29 51
Dimethyl Disulfide 0.026 Rotten Vegetable 1200 2200 370 210
Dimethyl Trisulfide 0.001 Rotten Garlic 750
tert-Butyl Mercaptan 0.029 Skunky
n-Propyl Mercaptan 0.075 Onion
DT DT 13000 7000 3000 2800 430 9800 2200
Total Reduced Sulfide ppbV 7647.7 1309 798.2 361.7 24.6 2213.9 417.7
Rotten 
Vegetable/Canned 
Corn/Sulfide 5.0±3.5 Odor Note Odor Note 4.0±2.8 1.6±1.7 4.4±3.3 3.5±3.0
Rotten Garlic 0 4.0±2.8 2.0±2.3 3.0±3.8 0 0 0
Earthy/Musty/Moldy 4.0±2.3 3.5±2.5 3.5±2.5 2.0±2.3 0 2.0±2.0 Odor Note
Fecal/Sewery/Manure/
Rubbery 3.5±2.5 4.0±2.8 3.0±2.6 4.0±2.8 2.0±2.0 4.0±2.4 4.5±1.0

Conc/OTC

OPM Intensity
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Table 7-11: Plant 2 Average Data- Headworks and Primaries 

 

 

Units
OTC 
(ppbV) Odor

Trunkline 
Bio #1 IN

Trunkline 
Bio #1 OUT

Headworks 
Bio #8/#12 
IN

Headworks 
Bio #8/#12 
OUT

Headworks 
Chem #4/#3 
OUT

Primary #P 
IN

Primary #P 
OUT

Ammonia 38.28 Ammonia 130±180
Isobutyric Acid 1.5 Sweat
Trimethylamine 0.33 Fishy
Hydrogen Sulfide 0.5 Rotten Egg 4700±1500 310±180 340±180 120±80 1500±510 220±160
Carbonyl Sulfide 55 Sulfide 55±23 52±11 19±4.7 15±4.1 15±6.5 3.0±3.5 3.7±4.3
Methyl Mercaptan 0.02 Rotten Vegetable 730±160 630±130 170±10 120±36 73±20 26±18
Dimethyl Sulfide 0.99 Canned Corn 54±12 47±9.7 17±3.9 13±4.6 6.9±4.6
Carbon Disulfide 0.09 Rotten Egg 12±5.7 10±2.0 4.4±1.3 2.7±1.8 1.9±2.3
Dimethyl Disulfide 0.026 Rotten Vegetable 61±28 51±13 13±4.4 8.7±2.3 0.7±1.4
Dimethyl Trisulfide 0.001 Rotten Garlic 0.75±1.5
tert-Butyl Mercaptan 0.029 Skunky
n-Propyl Mercaptan 0.075 Onion
DT DT 8200±3700 5800±950 2300±620 2600±140 210±150 5000±3600 1230±770
Total Reduced Sulfide ppbV 5600±1200 1100±210 560±17 280±64 17±7.9 1600±530 250±180
Rotten 
Vegetable/Canned 
Corn/Sulfide 2.5±2.0 1.6±2.1 1.5±1.8 2.5±1.8 0.8±0.9 2.7±1.9 1.5±1.8
Rotten Garlic 0.6±1.3 1.0±2.0 0.5±1.0 1.4±1.6 0.0±0.0 0.0±0.0 0.0±0.0
Earthy/Musty/Moldy 2.9±1.1 1.8±1.4 1.8±2.0 1.4±1.1 0.5±1.0 0.5±1.0 0.0±0.0
Fecal/Sewery/Manure
/Rubbery 4.5±0.7 3.4±0.8 3.3±0.7 3.4±0.6 0.5±1.0 5.0±1.2 2.0±1.9

ppbV

OPM Intensity
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D.2.a.1. Headworks of Plant 2 

 

Plant 2 uses biological scrubbers that have polyfoam with bacteria growing on them for 

Trunkline Bio #1 and Headworks Bio #8/#12. Headworks Chem #4/#3 is the outlet of a chemical 

scrubber. The biological scrubbers less targeted to hydrogen sulfide than the chemical scrubbing 

used at the Headworks of Plant 1. Table 7-10 presents the worst-case scenario for odor 

concentrations/odor thresholds, total reduced sulfide, DT, and OPM values at Plant 2. Table 7-11 

gives the averages and standard deviations for the same types of data. Trunkline Bio #1 In/Out 

and Headworks Bio #8/#12 In/Out have Rot Veg, rotten garlic (Rot Garlic), Musty, and Fecal 

OPM intensities that indicate a probable offsite nuisance as the Fecal odor intensity is generally 

between 3-4. Headworks Chem #4/#3 Out has low values of Rot Veg and Fecal that would not 

be likely to pose an offsite nuisance. Trunkline Bio #1 In/Out is removing Rot Veg at 27±95% 

(p>0.05), Musty at 48±41% (p>0.05), and Fecal at 24±13% (p=0.0336). Headworks Bio #8/#12 

In/Out is removing Rot Veg at 0±0% (p>0.05), Musty at 36±10% (p>0.05), and Fecal at -4±8% 

(p>0.05). Evidently, the bioscrubber treatments are not working well to remove the odors at the 

headworks of Plant 2. This is further illustrated in Figures 7-18, 7-19, 7-20, and 7-21. The 

bioscrubbers may require maintenance and control of operational parameters and nutrients in 

order to function well. It is not clear how the bioscrubbers have been designed or maintained, but 

biological treatment systems treating reduced sulfides must carefully be controlled or the 

accumulation of sulfuric acid may lead to a major reduction in performance over time (Smet et 

al., 1993). 

The most detectable odorants for Trunkline Bio #1 and Headworks Bio #8/#12 are 

methyl mercaptan (MM), hydrogen sulfide (H2S), and dimethyl disulfide (DMDS). The most 
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detectable odorant for Headworks Chem #4/#3 was carbon disulfide. Carboxylic acids and 

amines were not detected at these locations. The worst-case OC/OTC concentrations for MM are 

27000 for Trunkline Bio #1 In, 39000 for Trunkline Bio #1 Out, 8000 for Headworks Bio #8/#12 

In, and 4900 for Headworks Bio #8/#12 Out. The worst-case OC/OTC ratios for hydrogen 

sulfide are 14000 for Trunkline Bio #1 In, 700 for Trunkline Bio #1 Out, 1200 for Headworks 

Bio #8/#12 In, and 480 for Headworks Bio #8/#12 Out. The worst-case OC/OTC ratio odor for 

dimethyl disulfide are 1200 for Trunkline Bio #1 In, 2200 for Trunkline Bio #1 Out, 370 for 

Headworks Bio #8/#12 In, and 210 for Headworks Bio #8/#12 Out. Headworks Chem #4/#3 Out 

has an OC/OTC ratio of 51 for carbon disulfide. Trunkline Bio #1 is removing 11±23% MM 

(p>0.05), 94±3% (p<0.0001) H2S, and 9±23% (p>0.05) DMDS. Headworks Bio #8/#12 is 

removing 25±19% MM (p>0.05), 66±7% (p=0.0003) H2S, and 31±20% (p=0.0504) DMDS.  

The interpretation of such information is that the biological scrubbers are mainly 

removing hydrogen sulfide. Chemical scrubbing results at the Headworks of Plant 1 showed 

similar removal data. The design of the biological scrubbing technology may have been targeted 

specifically to hydrogen sulfide. Given the current state of the biological scrubbers, they function 

similarly to chemical scrubbing and it is suspected that the current biological community can 

mainly support organisms that are acidophilic and capable of removing hydrogen sulfide. 

DT values for Trunkline Bio #1 In/Out and Headworks Bio #8/#12 In/Out are substantial 

and are likely to pose odor problems to nearby residents.  DT removal of these systems are 

inconsistent and generally not substantial. Headworks Chem #4/#3 Out has a low DT. Figure 7-

22 demonstrates the DT at the different headworks sites and the OPM composition of it. 

Trunkline Bio #1 is clearly more odorous than Headworks Bio #8/#12 but both sites have 

significant DT remaining in the outlets. 
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Figure 7-18: Plant 2 Trunkline Bio #1 In- Reduced Sulfide Compound Proportions 

 

 

Figure 7-19: Plant 2 Trunkline Bio #1 Out- Reduced Sulfide Compound Proportions 

 

 

Figure 7-20: Plant 2 Headworks Bio #12 In- Reduced Sulfide Compound Proportions 
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Figure 7-21: Plant 2 Headworks Bio #12 Out- Reduced Sulfide Compound Proportions 

 

 

Figure 7-22: Plant 2 Headworks DT as OPM Distribution 

 

D.2.a.2. Primary Treatment Facilities of Plant 2 

 

Plant 2 uses chemical scrubbing at the Primary Treatment Facilities of the same types as 

those used a Plant 1. Primaries #P In/Out has Rot Veg and Fecal odors that are being somewhat 
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removed by the scrubbing. The outlet of Primary #P may cause a problem offsite based upon 

OPM numbers during most sampling times. Primary #P In/Out is removing Rot Veg at 37±59% 

(p>0.05) and Fecal at 54±48% (p>0.05). The DT removal is 61±28% (p=0.0211). Greater than 

50% of the odor is being removed on average at a statistically significant level. However, the 

outlet DT level of Primary #P remains relatively constant regardless of the inlet level. This is 

further demonstrated in Figure 7-23, 7-24, and 7-25.  

The most detectable odorants for Primary #P are methyl mercaptan (MM) and hydrogen 

sulfide (H2S). Carboxylic acids and amines were not detected at these locations. The worst-case 

OC/OTC ratios for MM are 5000 for Primary #P In and 2100 for Primary #P Out. For hydrogen 

sulfide, the worst-case OC/OTC ratios are 4200 for Primary #P In and 740 for Primary #P Out. 

Primary #P is removing 63±28% MM (p>0.0210) and 84±14% (p=0.0012) H2S. While the 

removal of sulfide compounds by Primary #P is substantial and statistically significant, the 

amount of reduced sulfide compounds remaining is still a potential problem as shown in Figure 

7-24 and 7-25. The remaining sulfide compounds are also demonstrated by the remaining Rot 

Veg OPM numbers in the outlet, which sometimes spike high enough to cause a problem offsite 

(Figure 7-26). 
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Figure 7-23: Plant 2 Primary #P DT Over Time 

 

 

Figure 7-24: Plant 2 Primary #P In- Reduced Sulfide Compound Proportions 
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Figure 7-25: Plant 2 Primary #P Out- Reduced Sulfide Compound Proportions 

 

 

Figure 7-26: Plant 2 Primary #P Over Time
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Table 7-12: Plant 2 Worst Case Data- Other Locations 

 

  

Units
OTC 
(ppbV) Odor Dewatering

Trickling 
Filter #C IN

Trickling Filter 
#C OUT

Trickling Filter 
ML Channel

Trickling Filter 
Contact #B

Truck 
Loading IN

Truck 
Loading 
OUT

Activated 
Sludge 
Channel DAFTs IN

Ammonia 38.28 Ammonia 73 39 760 600 55 52
Isobutyric Acid 1.5 Sweat 0.27
Trimethylamine 0.33 Fishy 7.9
Hydrogen Sulfide 0.5 Rotten Egg 64 4600 164 20 170 740
Carbonyl Sulfide 55 Sulfide 3.8 3.3 0.65 0.91 0 0
Methyl Mercaptan 0.02 Rotten Vegetable 9500 1400 2100 4200 2400 4000 3300
Dimethyl Sulfide 0.99 Canned Corn 160 81 8.6 19 230 210 45 39
Carbon Disulfide 0.09 Rotten Egg 360 590 90 160
Dimethyl Disulfide 0.026 Rotten Vegetable 460 1900 580 580
Dimethyl Trisulfide 0.001 Rotten Garlic
tert-Butyl Mercaptan 0.029 Skunky 210 200
n-Propyl Mercaptan 0.075 Onion 100
DT DT 540 7500 320 1500 1800 3900 2500 2700 2200
Total Reduced Sulfide ppbV 32 2917.7 363 80.6 129.9 411 283 209 474
Rotten 
Vegetable/Canned 
Corn/Sulfide 2.4±3.2 5.5±4.1 5.0±3.5 0 2.0±2.3 6.3±2.0 5.0±3.5 0 5.0±4.2
Rotten Garlic 0 0 Odor Note Odor Note 0 0 0 0 0
Earthy/Musty/Moldy 2.4±2.6 5.5±1.9 2.5±3.0 6.5±1.9 6.0±1.6 2.0±2.5 4.0±2.8 6.0±0.0 Odor Note
Fecal/Sewery/Manure/
Rubbery 4.4±3.0 7.5±1.0 2.5±3.0 4.0±2.8 5.5±1.0 5.7±3.4 2±2.8 3.0±3.5 6.0±5.5

OPM Intensity

Conc/OTC
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Table 7-13: Plant 2 Average Data- Other Locations 

 

 

 

Units
OTC 
(ppbV) Odor Dewatering

Trickling 
Filter #C IN

Trickling 
Filter #C 
OUT

Trickling 
Filter ML 
Channel

Trickling 
Filter 
Contact #B

Truck 
Loading IN

Truck 
Loading 
OUT

Activated 
Sludge 
Channel DAFTs IN

Ammonia 38.28 Ammonia 2300±710 750±1100 21000±1200017000±8500 2100 2000
Isobutyric Acid 1.5 Sweat 0.41
Trimethylamine 0.33 Fishy 2.6
Hydrogen Sulfide 0.5 Rotten Egg 17±13 100±840 34±33 7.4±6.0 35±34 160±150
Carbonyl Sulfide 55 Sulfide 110±73 90±66 24±12 34±19 1.3±2.6 1.3±2.5
Methyl Mercaptan 0.02 Rotten Vegetable 170±50 12±12 24±14 42±29 25±16 20±40 60±37
Dimethyl Sulfide 0.99 Canned Corn 59±68 34±40 7.1±5.4 22±6.7 120±77 110±72 11±22 32±23
Carbon Disulfide 0.09 Rotten Egg 17±10 27±18 4.8±3.8 12±2.8
Dimethyl Disulfide 0.026 Rotten Vegetable 9.3±1.9 24±28 6.6±5.7 7.2±5.3
Dimethyl Trisulfide 0.001 Rotten Garlic
tert-Butyl Mercaptan 0.029 Skunky 1.5±3.0 1.5±3.0
n-Propyl Mercaptan 0.075 Onion 1.9±3.9
DT DT 360±210 4100±2600 160±140 950±420 5800±950 2300±1200 1500±680 840±1200 1480±580
Total Reduced Sulfide ppbV 17±13 1500±1000 180±150 47±31 94±50 200±140 150±96 66±96 250±190
Rotten 
Vegetable/Canned 
Corn/Sulfide 0.6±1.2 4.3±2.9 2.3±2.7 0.0±0.0 1.1±1.3 1.6±3.2 3.0±2.2 0.0±0.0 3.1±2.2
Rotten Garlic 0.0±0.0 0.5±1.0 0.0±0.0 0.4±0.8 0.0±0.0 1.0±2.0 0.0±0.0 0.0±0.0 0.0±0.0
Earthy/Musty/Moldy 1.1±1.3 2.9±2.5 1.0±1.2 4.6±1.5 4.8±0.9 2.4±1.8 1.7±2.0 4.5±1.2 1.3±1.4
Fecal/Sewery/Manure
/Rubbery 4.3±3.0 5.4±1.7 1.3±1.5 2.1±1.7 2.6±2.4 5.1±1.3 3.4±0.9 2.3±1.8 3.6±2.5

OPM Intensity

ppbV
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D.2.a.3. Trickling Filter Area of Plant 2 

 

Worst case and average data for other plant locations are shown in Tables 7-12 and 7-13. 

As can be seen in Figure 7-27, all of Trickling Filter Area locations have Musty, Rot Veg, and 

Fecal odors. The same trend was seen at Plant 1, where the secondary treatment was dominated 

by Musty odors. The Musty odors at the Trickling Filter locations are higher than the rest of 

Plant 2, generally being above an odor intensity of 4. However, the outlet of Trickling Filter #C 

has slightly lower OPM intensities for Musty. Trickling Filter #C uses activated carbon as a 

treatment for its odors. Activated carbon has been known to be a treatment for compounds 

responsible for earthy and musty odors in the drinking water industry, so it not surprising that 

Trickling Filter #C removes some Musty odors (Hwang et al., 1994). Trickling Filter #C In/Out 

is removing Rot Veg at 41±51% (p>0.05), Musty at 74±24% (p=0.0323), and Fecal at 80±24% 

(p=0.0069). The DT removal is 95±5% (p<0.0001) with an average DT remaining of 160. The 

outlet of Trickling Filter #C is unlikely to present a nuisance offsite however some odor still 

remains at the location depending upon the day.   

The most detectable odorants for Trickling Filter #C In are MM (OC/OTC ratio 9500), 

H2S (OC/OTC ratio of 4600), and DMDS (OC/OTC ratio of 460). The outlet of Tricking Filter 

#C has the most detectable odorants of DMDS (OC/OTC ratio of 1900) and carbon disulfide 

(OC/OTC ratio of 590). Trickling Filter ML Channel methyl mercaptan (OC/OTC ratio of 1400), 

carbon disulfide (OC/OTC ratio of 90), and ammonia (OC/OTC ratio of 39) are the biggest 

problem. At Trickling Filter Contact #B methyl mercaptan (OC/OTC ratio of 2100) and carbon 

disulfide (OC/OTC ratio of 160) are the most detectable odorants. The worst-case OC/OTC 

ratios of the respective compounds are given in parentheses. Carboxylic acids and amines were 
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not detected at these locations above odor threshold concentrations. It should be kept in mind 

that for Tricking Filter locations Musty odors were very important in the OPM results. 2-

methylisoborneol or isopropyl methoxypyrazine may be the most detectable odorants at that site, 

but those results are not complete and cannot be given in this evaluation of the study. Trickling 

Filter #C is removing 100±0% MM (p<0.0001), 100±0% (p<0.0001) H2S, and -141±283% 

(p>0.05) DMDS. Trickling Filter #C is effectively removing the simpler reduced sulfide 

compounds but there is more DMDS in the outlet (average of 24±28) than the inlet (average of 

9.3±1.9) of Trickling Filter #C. The general effectiveness of Trickling Filter #C is shown in 

Figures 7-28 and 7-29. Tricking Filter ML Channel and Trickling Filter Contact #B are definitely 

odorous locations in need of odor control as demonstrated by their DT and OPM results (see 

Figures 7-27 and 7-30). The ML Channel and Contact #B are particularly important for odor 

control bearing in mind that they were sampled with a flux chamber which only samples a 

portion of the odor source which is in fact much larger than the area covered by the flux 

chamber.   
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Figure 7-27: Plant 2 Trickling Filter OPM Distributions 

 

 

Figure 7-28: Plant 2 Trickling Filter #C In- Reduced Sulfide Compound Proportions 

 

 

Figure 7-29: Plant 2 Trickling Filter #C Out- Reduced Sulfide Compound Proportions 
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Figure 7-30: Plant 2 Trickling Filter DT OPM Distribution 

 

D.2.a.4. Activated Sludge Area of Plant 2 

 

At Plant 2, high purity oxygen is used in the activated sludge process so the Activated 

Sludge discharge channel was sampled using a flux chamber. Figure 7-31 shows the average and 

worst-case OPM distributions for the remaining odorous sites at Plant 2. Activated Sludge had 

such substantial Musty and Fecal odors that they overwhelmed any presence of Rot Veg or Rot 

Garlic odors. The most detectable odorants at Activated Sludge were methyl mercaptan 

(OC/OTC ratio of 4000), hydrogen sulfide (OC/OTC ratio of 170), and ammonia (OC/OTC ratio 

of 55). However, it is suspected that treatment at this site should focus more heavily on treatment 

of Musty and Fecal odors before addressing sulfide odors, which are also a problem at this 

location. DT also shows the Activated Sludge location to be an odor site needing treatment to 
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control odors (see Figure 7-32). The flux chamber covered approximately 1/12 of the Activated 

Sludge Discharge Channel thus the total odor from that site would be about 12 times as 

powerful. In prioritizing odor control, that makes the odorous nature of this location a greater 

priority than it might appear from the numbers alone. 

 

D.2.a.5. Dissolved Air Flotation Treatment of Plant 2 

 

At Dissolved Air Flotation Treatment (DAFTs), Rot Veg and Fecal odors were most 

important with both generally being above 3 leading to possible offsite odor problems that were 

corroborated by substantial DT numbers. The most detectable odorants at DAFTs were methyl 

mercaptan (OC/OTC ratio of 3300), hydrogen sulfide (OC/OTC ratio of 740), and ammonia 

(OC/OTC ratio of 52). Treatment at this location should consider the importance of treating the 

compounds leading to Fecal odors as well as the treatment of sulfide compounds.  

 

D.2.a.6. Dewatering Facility of Plant 2 

 

At Plant 2, the Dewatering Facility was a location of only moderate odors. The Fecal 

odors at the Dewatering facility were the main potential problem. The most detectable odorants 

were ammonia (OC/OTC ratio of 73) and hydrogen sulfide (OC/OTC ratio of 64). The hydrogen 

sulfide ratio was orders of magnitude lower than that seen at other locations.  
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D.2.a.7. Truck Loading Area of Plant 2 

 

The treatment at the Truck Loading Area is activated carbon. Whereas the activated 

carbon was moderately effective at Trickling Filter #C, Rot Veg, Musty, and Fecal odors were 

seen in both the inlet and outlet of Truck Loading with only moderate reductions in odor 

intensity (Figure 7-31). The Truck Loading is such that a removal efficiency for Rot Veg could 

not be calculated because the Rot Veg numbers are higher in the outlet (3.0±2.2) than the inlet 

(1.6±3.2). Truck Loading is removing Musty odors at 22±70% (p>0.05) and Fecal odors at 

33±16% (p=0.0256). The DT removal is 29±25% (p>0.05) with an average DT remaining of 

1500. These pieces of information indicate that the activated carbon alone is not sufficient for 

treating the odorous compounds located at Truck Loading and that other options should be 

explored.  The most detectable odorants for Truck Loading In are MM (OC/OTC ratio of 4200), 

ammonia (OC/OTC ratio of 760), and DMDS (OC/OTC ratio of 580). The most detectable 

odorants for Truck Loading Out are MM (OC/OTC ratio of 2400), ammonia (OC/OTC ratio of 

600), and DMDS (OC/OTC ratio of 580). A low level of trimethylamine was detected at Truck 

Loading In, but this odorant is a lower priority than the treatment of the most detectable odorants 

listed. Truck Loading is removing 39±3% MM (p<0.0001), 15±9% Ammonia (p>0.05), and -

22±36% (p>0.05) DMDS. The general ineffectiveness of the Truck Loading treatment is further 

demonstrated by Figures 7-33 and 7-34.  
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Figure 7-31: Plant 2 OPM Distribution for Miscellaneous Sites 

 

 

 

Figure 7-32: Plant 2 OPM Distribution of DT at Miscellaneous Sites 
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Figure 7-33: Plant 2 Truck Loading In- Reduced Sulfide Compound Proportions 

 

 

Figure 7-34: Plant 2 Truck Loading In- Reduced Sulfide Compound Proportions 

 

D.2.b. Identification of Most Odorous Outlet Sites at Plant 2 

 

The objective of this section is to evaluate which sites at Plant 2 are the most odorous. 

The outlets of existing treatment technologies and those odorous locations without treatment 

were evaluated across different data types. The treatment technologies used should focus on 

addressing the most detectable odorants especially those with a very low odor threshold 

concentration. The combination of chemical and sensory data is recommended to make sure that 

all major odorants are properly treated by odor treatment technologies.  
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Worst-case and average data from Tables 7-10 & 7-12 and Tables 7-11 & 7-13, 

respectively, were used to create Table 7-14. Table 7-14 shows the most odorous outlet sites at 

across all methods of evaluation at Plant 2 are: 

• Trunkline Bio #1 Out 

• Headworks Bio #8/#12 Out 

• Trickling Filter Contact #B 

• Truck Loading Out 

• DAFTs 

• Activated Sludge 

 

The bioscrubbers at Plant 2 do not appear to be functioning properly given the 

appearance of Trunkline Bio #1 Out and Headworks Bio #8/#12 on the list of most odorous sites. 

Much more information is needed about the design, operation, and current state of these 

scrubbers to understand their failures to treat the compounds. At Plant 2, the same concepts of 

inlet loading, numbers of sites compromising a given source, and area sources must be 

considered when effectiveness of odor control technologies and evaluating offsite odors, 

respectively. Appearing in Table 7-14 are Activated Sludge and Trickling Filter Contact #B. 

These locations were measured with a flux chamber, which only measures a portion of the odor 

from those locations. These sources should be considered as area sources rather than point 

sources when evaluating odorous sites.  
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Table 7-14: Most Odorous Outlet Sites at Plant 2 

Ranking Detection to 
Threshold 

Odor Profile 
Method 

Total Reduced 
Sulfide 

Concentration to 
OTC Ratios 

1 Trunkline Bio 
#1 Out 

Tricking Filter 
Contact #B 

Trunkline Bio 
#1 Out 

Trunkline Bio #1 
Out 

2 Tricking Filter 
Contact #B 

Trunkline Bio 
#1 Out 

Headworks Bio 
#8/#12 Out 

Headworks Bio 
#8/#12 Out 

3 Headworks Bio 
#8/#12 Out 

Truck Loading 
Out 

DAFTs In Activated Sludge 

 

 

Plant 1 and Plant 2 both have extreme problems at the Headworks, Truck Loading, and 

Activated Sludge Locations. Certain locations are more problematic at one plant than the other, 

for instance DAFTs appears as a significantly odorous location at Plant 2 but not Plant 1. The 

Primaries are a bigger problem at Plant 1 than Plant 2. In both cases, modeling must seriously 

consider the number of sites in a give plant area, the differences in compositions of odorous 

compounds at the same type of site, and variability in inlet loading. These concepts all affect the 

ability of odor control treatment technologies to be effectively designed to avoid offsite 

complaints. 

 

E. Conclusions 

 

Odors at the OCSD WWTPs were dominated by rotten vegetable/canned corn/sulfide, 

musty/earthy/moldy, and fecal/sewery/manure/rubbery odors. The dominance of the types of 

odors changed across the treatment processes at the plants. Fecal and Rot Veg odors were 

dominant at the headworks and primaries, musty odors became more problematic during 
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secondary treatment such as trickling filters and activated sludge, and ammonia, amines, and 

complex reduced sulfide compounds became more dominant at solids processing. 

Major odorants were very similar at both plants. Methyl mercaptan, hydrogen sulfide, 

and the compounds leading to Fecal and Musty odors were consistently the most detectable 

odorants at both plants. Carbon disulfide was also a major odorant at Plant 1 whereas dimethyl 

disulfide was very important and Plant 2. There are other sulfide compounds present with lower 

odor thresholds than hydrogen sulfide, including methyl mercaptan that will be a big problem 

even if all of the hydrogen sulfide is properly treated. It is recommended that treatments be 

targeted towards these types of compounds rather than hydrogen sulfide alone given that all 

compounds are below safety regulations. It should also be considered that dimethyl trisulfide 

(DMTS), the cause of the rotten garlic odor, has a low odor threshold and is very persistent. 

Once other sulfide compounds are eliminated, DMTS may pose a problem, as it is odorous 

below method detection limits evaluated in this study. The odorous compounds making up the 

category of musty/earthy/moldy (MIB and IPMP) and fecal/sewery/manure/rubbery (Skatole and 

Indole) are also very important to consider as major odorants and in odor treatment technology 

design. The evaluation of the data discussed herein is limited in capacity and attempts to address 

the worst-case scenarios and the major problems. Much more detailed and specific evaluations 

are recommended for further understanding of the potential effectiveness of specific treatment 

technologies. 

Table 7-9 at Plant 1 showed Truck Loading, Headworks #4 Out, and Primaries Out were 

consistently the most odorous sites. Table 7-14 at Plant 2 showed Trunkline Bio #1 Out and 

Headworks Bio #8/#12 were the most problematic locations. Many of the most odorous sites 

noted in this paper already have existing technologies that are either, addressing only some 
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components of inlet odor, or are completely ill suited to the types of compounds at that location. 

The chemical scrubbing used at the Headworks and Primaries at Plant 1 is not adequately 

addressing the most detectable odorants at those locations. The bioscrubbers at the Trunkline and 

Headworks of Plant 2 are failing to remove the majority of the odorous compounds in the inlet 

loading. The outlet of the Wastehauler (Biorem biofilter) at Plant 1 and the Headworks Chem 

#4/#3 Out at Plant 2 were the only treatment locations providing necessary removal efficiencies 

of odorous compounds. Trickling Filer #C (activated carbon) at Plant 2 provided significant odor 

treatment but did not always adequately address odorous compounds.  

The evaluation in this paper, explores the types of concepts that can help to evaluated the 

large data set from this project which is the first very thorough chemical and sensory analysis of 

many locations at a WWTP over many weeks. This allows decisions for appropriate odor control 

technologies to be based on a combined interpretation of chemical and sensory data from a 

worst-case and average scenario. OC/OTC ratios, DT, OPM results, and raw chemical 

concentrations numbers can really put together a full picture of which compounds need to be 

controlled and which technologies should be implemented for odor control.  
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Chapter VIII 

 

Conclusions 

 

A. Evaluation of Wastewater Treatment Plant Odors 

 

Having reliable measurements for odor threshold concentrations (OTCs) is of great 

importance as the evaluation of the satisfactory treatment of odors is based upon the relationship 

between the concentration of an odorous compound at a given site and its odor threshold 

concentration. The objective of Chapter 6 was to evaluate the OTCs of some common WWTP 

and composting odors using olfactometry in combination with the Flavor Profile Analysis scale 

used by the OPM. The odor threshold concentrations were based upon fitting a line to the 

average intensity results in a Weber-Fechner curve and examining where the line crossed an odor 

intensity of 1, which is considered to be odor threshold. The OTCs from the study compared to 

the literature were orders of magnitude higher (ppb-ppm) than the lowest OTCs (ppt-ppb) 

reported in the literature due to the use of novice panelists, however the OTCs in the literature 

span many orders of magnitude with report OTCs ranging from low ppb to ppm concentrations 

in some cases for a single compound. The OTCs from this method of evaluation should be 

considered in the range of odor threshold concentrations for a given compound, which vary 

depending upon the methodology used. A sub-objective was to examine the variability in 

measurement between different days. The odor threshold concentrations determined by this 

method were within an order of magnitude on different days determined, indicating the reliability 

of the method. It was also established that compounds such as methyl mercaptan, which have a 
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low OTC and a flat slope to their Weber-Fechner Curves, can be very problematic. These types 

of compounds dilute out very slowly and are still quite odorous at low concentrations and with a 

great deal of dilution away from the source. 

As an update of the Odor Control Master Plan 2014 at Orange County Sanitation 

District’s WWTPs, odors were found to be dominated by rotten vegetable/canned corn/sulfide 

(Rot Veg group), musty/earthy/moldy (Musty group), and fecal/sewery/manure/rubbery odors 

(Fecal group) (Chapter 7) (Orange County Sanitation District, 2014). This is not unlike Lake 

Wildwood WTTP where the dominant odors were rotten vegetable/canned corn/sulfide and 

occasionally fecal (Chapter 3). At Lake Wildwood, only the odors at the inlet and outlet of the 

biofilter were determined. The biofilter at Lake Wildwood treats the air about the equalization 

basin, which occurs prior to primary treatment in the process flow. At OCSD, Rot Veg and Fecal 

odors heavily dominated the headworks and primary treatment odors, so it is not surprising that 

Lake Wildwood’s equalization basin would have a similar odor composition. The dominance of 

the types of odors changed across the treatment processes at the OSCD plants. Fecal and Rot 

Veg odors were dominant at the headworks and primaries, musty odors became more 

problematic during secondary treatment such as trickling filters and activated sludge, and 

ammonia, amines, and complex reduced sulfide compounds became more dominant at solids 

processing.  

Major odorants were very similar at both OCSD plants (Chapter 7). Methyl mercaptan, 

hydrogen sulfide, and the compounds leading to Fecal and Musty odors were consistently the 

most detectable odorants at both plants. Carbon disulfide was also a major odorant at Plant 1 

whereas dimethyl disulfide was very important and Plant 2. Lake Wildwood saw methyl 

mercaptan, hydrogen sulfide, and dimethyl sulfide as its major odorants as well as sometimes 
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Fecal odors (Chapter 3). There are other sulfide compounds present with lower odor thresholds 

than hydrogen sulfide, including methyl mercaptan that will be a big problem even if all of the 

hydrogen sulfide is properly treated These can be clearly seen by an examination of odor 

concentration to odor threshold concentration (OC/OTC) ratios which usually had methyl 

mercaptan topping the list of major odorants. It is recommended that treatments be targeted 

towards these types of compounds rather than hydrogen sulfide alone. It should also be 

considered that dimethyl trisulfide (DMTS), the cause of the rotten garlic odor, has a very low 

odor threshold and is very persistent. Once other sulfide compounds are eliminated, DMTS may 

pose a problem, as it is odorous below most method detection limits but was consistently found 

using GC-Sniff at both OCSD and Lake Wildwood. The odorous compounds making up the 

category of musty/earthy/moldy (MIB and IPMP) and fecal/sewery/manure/rubbery (Skatole and 

Indole) are also very important to consider as major odorants and in odor treatment technology 

design. At both Lake Wildwood and OCSD, carboxylic acids were rarely detected and were 

typically below odor threshold concentrations, which matched with the lack of rancid odors 

detected by the OPM. At OCSD, trimethyl amine and ammonia were found at levels of concern 

in some solids processing areas such as Truck Loading.  

The use of chemical and sensory analysis of many locations at the OCSD plants over 

many weeks allows for evaluations of the most odorous sites from many angles (Chapter 7).  

OC/OTC ratios, DT, OPM results, and raw chemical concentrations numbers were used as a 

combined approach to establish the effectiveness of treatment and the most odorous outlet sites 

at the OSCD WWTPs. Plant 1 showed Truck Loading, Headworks #4 Out, and Primaries Out 

were consistently the most odorous sites. At Plant 2, Trunkline Bio #1 Out and Headworks Bio 

#8/#12 were the most problematic locations. Also of notable importance are area sources such as 
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the Activated Sludge Discharge Channel where sampling is done using a flux chamber and the 

total odor from the source should be considered in the context of the size of the source and 

variety in the composition of the source that may occur. Many of the most odorous sites noted in 

this paper already have existing technologies that are either, addressing only some components 

of inlet odor, or are completely ill suited to the types of compounds at that location. The 

Headworks biotowers at Plant 2 and the Headworks chemical scrubbing at Plant 1 were both 

found to insufficiently remove most odors. While these technologies removed some hydrogen 

sulfide, they were unable to remove most odors and were established to be above levels that 

could lead to offsite odor nuisances for nearby residences. The majority of existing treatment 

technologies at both OCSD plants proved insufficient to treat the most detectable odorants. The 

outlet of the Wastehauler (Biorem biofilter) at Plant 1 and the Headworks Chem #4/#3 Out at 

Plant 2 were the only treatment locations providing necessary removal efficiencies of odorous 

compounds.  

In the selection of odor control treatment technologies, it will be important to consider: 

the inlet loading concentration and their variability, the odorous compounds comprising the inlet 

air, and the type of source requiring treatment (e.g. point source versus area source). It should be 

aimed to reduce the concentrations of a given source to below a level that might cause an offsite 

nuisance. This means that offsite, odors should be reduced to below or near their odor thresholds. 

At rough guideline should be established within the different monitoring methods used to 

establish the effectiveness of odor treatment, for example, the outlet OPM can be controlled to a 

level of 3 or below at a source or the DT can be brought to below 300 at the outlet of the source. 

These guidelines should be developed within the individual methodologies used to monitor the 

effectiveness of treatment. The compounds found at both plants were below levels of safety 
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concern so odor control technologies should focus on treatment rather than safety where 

hydrogen sulfide is usually the biggest concern. 

 

B. Seashell Biofilters as Treatment for WWTP Odors 

 

The seashell biofilter at Lake Wildwood WWTP was quite successful at removing major 

odorous sulfur compounds, Hydrogen Sulfide (rotten eggs), Methyl Mercaptan (rotten 

vegetable), and Dimethyl Sulfide (rotten vegetable), to a level of greater than 99%, below the 

odor thresholds of the compounds (Chapter 3). GC-MS and GC-Sniff analysis also indicated the 

presence of Dimethyl Disulfide (rotten vegetable) and Dimethyl Trisulfide (rotten garlic). The 

odor profile method (OPM) indicated the presence of sulfides (rotten egg and rotten vegetable) 

and sometimes fecal odors in the biofilter inlet samples, while the outlet samples had mainly 

odors characteristic of a blank bag (phenol, plastic, glue, etc).  

The microorganism community of the Lake Wildwood biofilter was investigated and it 

was found that there was consistency in triplicate shells from the same time in a given stage of 

the biofilter (Chapter 4). There were differences in the communities between the two stages of 

the biofilter, oyster (first stage) and mussel (second stage) and over time. Hyphomicrobium and 

Thiobacillus species are heavily present in the community in both the oyster and mussel sides of 

the biofilter. The changes in the percentages of these communities with time seemed to be 

affected by changes in the pH of the recirculating water. The bleaching of the biofilter in early 

August 2012 did not appear to significantly affect the ability of the biofilter to have a functional 

community at the end of August. The low pH of the recirculating water (3.23) still managed to 

support full removal efficiencies of incoming reduced sulfide compounds in August 2012. This 
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can be explained given that the pH of the mussel stage was neutral and that side of the biofilter 

was able to support organisms such as Hyphomicrobium species, which can remove organic 

sulfides. It is possible that the first stage of the community was removing the majority of the 

hydrogen sulfide and the second stage the other reduced sulfide compounds. Nitrospira, 

Micromonosporineae, Parvularcula, Methylophilus, Hydrogenophaga, Methylibium, and 

Methylocystis were also found at substantial percentages in the biofilter communities. These 

genera may or may not be involved in the removal of sulfide compounds and further 

investigation is required. 

The pH changes in the recirculating water clearly affect the composition of the 

community over time, but regardless, the Lake Wildwood biofilter seems to be capable of 

supporting microbes that function to remove incoming odorous compounds to 99% or greater 

removal (Chapter 4). As Thiobacillus and Hyphomicrobium appear to dominate the sulfide 

removing species of the biofilter, it is recommended that conditions be maintained to maximize 

the growth of both genera. The ideal pH to retain both types of genera is probably about 7, 

though not all sulfide removing species will be supported at that pH (see Table 8-1). Nutrients 

should be targeted towards the requirements of these genera. The organisms in Table 8-1 should 

be understood in the context that each of these have been reclassified at different points in time 

and the naming schemes of genera are not straightforward. Alternative names are given in 

parentheses. These are very similar genera to those seen for removal of reduced sulfide 

compounds in most biofilters and there does not seem to be anything particularly unique about 

the community removing the reduced sulfide compounds at Lake Wildwood. The desirability of 

this the seashell biofilter, its inherent pH control, is seen to have its limits. When the 

recirculating water conditions are not carefully controlled, the buffering capacity of the seashells 
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is not enough to neutralize all of the sulfuric acid produced. If the conditions are maintained such 

that the recirculating water pH is neutral, it is thought that the seashell biofilter could support the 

types of organisms that remove other types of odorous compounds and VOCs. 

The laboratory seashell media biofilter provided adequate removal of hydrogen sulfide 

following seeding with microorganisms and nutrients (Chapter 5). However, the system appears 

to be quite sensitive and was unable to recover its performance following a decline attributed in 

primarily to the introduction of large amounts of Millipore water and the use of a Pseudomonas 

species as a seeding organism rather than the intended Paracoccus denitrificans that was 

supposedly sent as a seeding organism. The performance decline was also accompanied by a 

decline in biomass of the column. It should be recognized that laboratory systems and full-scale 

operations experience some differences due to scaling that may have made the laboratory system 

more sensitive and less able to weather changes.  

The DNA sequencing results of the laboratory biofilter showed a nearly pure culture of 

Pseudomonas at week 1 (Chapter 5). The seeding organism was thought to be Paracoccus 

denitrificans so this may have been part of the reason for the major decline in the system that 

was designed for a different seeding organism. Ubiquitous environment organisms began to take 

over the biofilter during week 3 and week 6. The diverse community at week 3 was growing in a 

biofilm on the surface of the seashells was corroborated by electron microscopy, which saw 

many cells types and extracellular materials. The changes in the community and the reduction in 

Pseudomonas organisms trended with the declining performance of the biofilter. There was more 

biomass growth at week 3 so while sulfide removing organisms comprised a smaller percentage 

of the population, the biofilter was still able to perform adequately. By week 6, the biomass 

growth was reduced and the biofilter could no longer adequately remove hydrogen sulfide. 
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Chapter 4 has shown that at Lake Wildwood Wastewater Treatment Plant, the system was still 

able to maintain performance even after major pH declines in the oyster side of the biofilter. 

However, it is expected that because the mussel side of the biofilter was still able to support a 

community capable of removing reduced sulfide compounds as shown, the good performance of 

the biofilter remained.  Additionally, the laboratory biofilter (Chapter 5) was unable to reseed 

itself with sulfide removing organisms following the decline in Pseudomonas. At Lake 

Wildwood, even some bleaching of the oyster stage was unable to kill off a community capable 

of removing hydrogen sulfide because the biofilter was able to reseed itself with activated sludge 

organisms that are abundant at a WWTP (Chapter 4). The overall results of this study have 

established seashell media as a viable method for treatment of hydrogen sulfide but shows 

specific limitations. A major limitation of the seashell biofilter in the laboratory is that the 

recirculating water conditions must be carefully controlled to avoid pH drops, which are 

theoretically the major advantage of the seashell biofilter media. In the laboratory, the use of the 

incorrect seeding organisms and the disturbing of the conditions of the recirculating water were 

enough to crash the biofilter (Chapter 5), but in the field at Lake Wildwood, the system appeared 

much more robust and able to recover from problems (Chapter 4). This is not surprising, given 

the abundance of sulfide removing organisms inherently present at WWTPs and the common 

difficulty of conducting a laboratory scale process. 
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Table 8-1: Sulfide Removing Bacteria  

(Bergey et al., 1974), (De Bont et al., 1981), (Zhang et al., 1991), (Massoudinejad et al., 2008), 
(Smith and Kelly, 1988) 

 
 

C. Contributions and Future Research 

 

 The studies in this dissertation provide significant contributions to the fields of odor 

evaluation and odor control at WWTPs. The discovery of 2-methylisoborneol and isopropyl 

methoxy pyrazine as the source of musty/moldy odors at WWTPs is a new very significant 

finding. These compounds have not been identified as an odor problem at WWTPs before. The 

discovery of the fecal odor as a substantial problem at WWTPs is also something, which has 

been given limited attention in the literature and is an important finding of this dissertation. The 

thorough evaluation of WWTP odors from a variety of sources over time through measurement 

Organism pH 
Tolerance 

Optimum 
pH 

Sulfide 
Removal 

Location Found 

Thiobacillus thioparus 4.5-7.8 6.6-7.2 H2S, DMS, 
DMDS 

-Lake Wildwood? 
-Sulfide Removing 
Biofilter 

Thiobacillus thiooxidans 
(Acidithiobacillus 

thiooxidans) 

0.5-6.0 2.0-3.5 H2S -Sulfide Removing 
Biofilters 

Hyphomicrobium sp. 6.0-9.5 8.0 H2S, DMS -Lake Wildwood 
-Sulfide Removing 
Biofilters 

Xanthomonas sp. 4.0-8.8 6.0-6.5 H2S -Lake Wildwood 
-Sulfide Removing 
Biofilters 

Pseudomonas acidovorans 
(Delftia acidovorans) 

6.0-8.5 7.0-8.5 DMS -Laboratory Biofilter? 
-Sulfide Removing 
Biofilters 

Paracoccus denitrificans 
(Micrococcus denitrificans) 

? 7.5-8.0 Carbonyl 
Sulfide, 
Carbon 

Disulfide 

? 
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of odorous compounds, odor profile method, and detection to threshold has not been done before 

and allows for a much more careful examination of odor problems. This dissertation established 

seashell biofilters to be a suitable treatment technology for reduced sulfide compounds, but 

established the limitations on the inherent pH control of the system. It was found the 

microorganism community controls the performance of the biofilter and that while seeding with 

a given organisms can reduce acclimation time, the community may soon be overtaken by 

abundant organisms that are less fastidious. In the case of the field biofilter. Hyphomicrobium 

and Thiobacillus species were found to be the dominant sulfide removing organisms similar to 

other known sulfide removing biofilters.  

The results from OCSD should be examined in more depth to establish the origin of the 

fecal odors (possibly due to indole and skatole) and to find a methodology to quantify them. 

Selection of odor treatment technologies at OSCD should be based on the most detectable 

odorants with the knowledge that the concentration and composition of the inlet streams may 

fluctuate. Area sources of should be considered differently from point sources in the most 

odorous sites during air dispersion modeling. Seashell biofilters might be a suitable treatment 

technology at OCSD for sites with high sulfide odors and some fecal odors based on the 

evaluation at Lake Wildwood. It is recommended that a pilot scale seashell biofilter be tried at a 

location of that nature.  

Another laboratory study on seashell biofilters is recommended to establish an 

understanding of the decline in laboratory performance. Conditions must be carefully controlled 

to understand if it was the recirculating water, the use of the wrong seeding organism, the lack of 

a carbon source, or just a failure of a system at a laboratory scale. The system should be 

evaluated for its ability to treat compounds other than hydrogen sulfide once its performance can 
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be maintained without a decline. Suggested compounds include those major odorants found at 

WWTPs including: methyl mercaptan, dimethyl sulfide, dimethyl disulfide, and the compounds 

compromising the musty (2-methylisoborneol and isopropyl methoxy pyrazine) and fecal 

(possibly indole and skatole) odors.  

The microorganism community should be evaluated when other types of compounds are 

added to examine the changes and understand what organisms are needed for good performance 

efficiency with different compounds. Seashell biofilters should also be examined from a 

functional perspective such as an evaluation of sulfide oxidation genes in the microorganism 

community to determine which organisms present are dominating the performance of the 

biofilter over time. This examination is recommended in the field and in the laboratory.  
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